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The  carbides  of  the  high  melting  point  metsls  of 
the  groups  of  i-he  periodic  system  belong  to  the 

class  of  metal- like  compounds  which  are  characterized  'ey 
extreme  hardness  and  temperature  resistence  (iXef  1). 

At  present  carbide  base  alloys  have  been  developed 
and  widely  applied  in  which  high  toughness  and  strength 
have  been  attained  by  the  introduction  of  relatively 
small  quantities  of  the  plestlo  metale,  Co  and  ITi.  The 
metalloceramic  heat-resistant  alleys  based  on  titanium 
carbide  (Ref  2)  and  the  hard  alloys  TiC-WC-Co  (Ref  3) 
have  been  most  widely  applied  in  practice.  The  properties 
of  the  metalloceramic  hard  alloys  are  dependent  on  the 
composition  and  the  pattern  of  the  dietrlbution  of  the 
bonding  p'nase  among  the  carbide  grains  and  this  ia  tc  a 
large  extent  determined  by  the  wetting  of  the  carbide  base 
.by  the  cobalt  and  nickel* 

This  paper  presents  the  results  of  an  investigation 
of  the  effects  of  the  cemposition  of  the  alloys  of  the 
VC- Co  system. 

The  determination  of  the  wetting  edge  angle  Try  the. 
method  of  quiescent  drops  shoved  (Table  1)  that  cobalt  and 
nickel  completely  wet  tungsten  carbide*  i.e.  the  edge 
angle  (0  )  is  equal  to  zero  for  the  WC-Cc  and  VC-ITi  systems* 
With  an  increase  in  the  titanium  carbide  content  in  the 
carbide  phase  the  edge  angle  increased  to  21®  in  an  alloy 
oontalning  23,6}J  TiC  and  to  38*^'  in  the  TiC-Ni  system. 

Table  1 

Vetting  edge  angles  of  nickel  in  the  system 
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In  alloys  of  the  systerns  VQ-Co  the  carhide  grains  are 
enrsloped  in  a  continuous  filtn  of  coVaXt  (Ref  4}  even  at 
very  small  content  (about  1^)  of  the  bindirig  metal  while  in 
the  TiO-Co  alloys  they  form  eonglomeretes .  In  the  two- phase 
alloys  consist ing  of  a  solid  solution  of  VC  in  TiC  end  a 
coholt  phase  there  is  a  continuous  bond  between  the  grains 
of  the  csx-i  ids  (fief  5).  \'fhen  the  VC  content  ie  '707-  end 
above  the  alloys  consist  of  three  phases:  struoturaliy 
free  tungsten  carhidSf  a  solid  solution  of  VC  in  TiC»  and 
a,  cobalt  phase.  With  an  increase  on  the  content  cf  struc¬ 
turally  free  tungsten  carbide  to  40*5C)i»  by  volume 
(15-20^  Tic)  the  continuous  bond  between  the  carbide  gXvSins 
is  destroyed t  although  the  conglomerates  of  the  grains  cf 
the  titanium  phase  in  which  the  VC  phase  is  included  (Ref  d) 
are  maintained. 

Pig  1  presents  the  variation  of  the  ultimate  strength 
in  bending  end  the  hardness  of  the  alloys  of  the  system 
TiC-WC-Co  as  a  function  of  the  content  of  titanium  carbide 
in  the  carbide  phase  for  a  aeries  cf  alloys  with  the  i.fme 
percent  of  cohait  by  volume  (7  and  RBtJ) ,  The  VC-Co  alloys 
have  the  highest  strength.  With  an  increase  in  the  titaniiua 
carbide  oonten;^  to  30f'  the  strength  falls  to  a  magnitude  of 
about  80  kg/nnn‘-'  and  then  stays  constant  ae  the  titanium 
carbide  content  is  further  increased  (curve  2).  An  in- 
creese  in  the  cobalt  content  to  25^  by  volume  (curve  3) 
is  accompanied  by  a  significant  rise  in  strength  (by  about 
ec  kg/mttr)  in  alloys  with  5  and  16?'  TiC  and  a  rather  small 
rise  in  the  alloys  containing  30^  or  mere  TiC.  The 
different  influence  of  an  increase  in  the  cobalt  content  cn 
the  properties  of  alloys  vhich  differ  only  in  the  titanium 
carbide  content  can  be  explained  by  either  essentiel 
differences  in  the  composition  of  the  solid  solution  on  the 
cobalt  base  or  a  different  pattern  of  the  cobp3t  distri¬ 
bution.  Although  the  compositlcn  of  the  cobalt  phase  may 
change,  these  ch^npee  in  the  alloys  containing  5,  15,  wiid 
TiC  cannot  be  significant  since  all  these  alloys  are 
located  v'ithin  the  boundaries  of  the  three-phase  domain 
cf  the  phnise  Aiagrein  TlC-VC-Co  (phasee:  TiC,  WC,  ana  cobalt). 
Alloys  v'itb  a  high  TiC  content  lie  within  the  boundaries 
of  the  two- phase  domain.  The  sharpest  cheng.ea  in  the 
prupsrties  might  be  expected  net  v;it'nin  the  boundaries  of 
the  three  and  four-phase  domain  but  at  the  transition  to  tne 
two- phase,  i.e.  in  the  area  from  30  tc  60?5  TiC,  The  noted 
differences  in  the  pp.ttern  of  the  structure  of  the  alloys 
also  affects  the  character  of  their  fracture.  It  is  knovm 
(P.ef  7)  that  the  weakest  point  in  the  VC-Co  alloys  is  at 
the  VC-Co  boundaries  and  stress  cracks  appear  cn  the  boun¬ 
dary  of  separation  of  the  wc  phase  and  ths  oobalt.  In  the 


Tic  base  alloys  the  cracks  originate:  nnd  props, gate  along 
the  grains  and  conglomeratea  of  the  titanium  phase  which  are 
formed  ae  a  result  of  incomplete  wetting  (Ref  8). 
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1.  Varisticn  cf  Che  ultira^^te  bending  strength 
hnrdneas  cf  alloys  cf  the  system  TiC-VC^-Co  as 
»  j, unction  of  the  carbide  phase  ccropcsitioni' 

1  -  alloys  contains  no  cobalt 

2  -  alleys  with  *1%  Co  by  Tolume 
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is  -  alleys  wiTin  (/y  uo  cy  toxuiub 
3  -  alleys  with  20?^  Co  by  relume  . 

§  ultimate  bending  stj;enth»  Icg/mm* 
hardness*  Hr,  kg/ram*"' 

^  VC  in  carbide  phase 


In  WC-Co  alloys  v?ith  low  Co  content  the  thin  laj^ers 
cf  cobalt  are  "blocked’'  by  the  faces  of  the  carbide  gr.-Jins 
and  cr.nnot  undergo  plastic  defornKt.tion  (7  ef  9).  Increasing 
plasticity  by  weans  of  Increasing  the  cobalt  content  leado 
tc  relaxation  cf  the  stresses  v/h'ich  in  conditions  cf  brittle 
fracture  provides  increased  strength  cf  the  alloys.  In 
the  absence  of  continuous  bonds  between  the  grains  of  car* 
bide,  increasing  the  cobalt  content  will  lead  to  p.  sharp 
rise  in  the  strength. 

In  alloys  containing  30/3  or  more  TiC  the  carbide 
phase  becomes  the  determing  factor  and  increasing  the 
cobalt  content  has  little  effect  on  the  strength  of  tVie 
alleys  in  which  continuous  bonds  between  the  cai'bids  grains 
are  present. 

The  hardness  of  the  alloys  TiC-VC-Cc  which  consist 
of  hard  -nd  brittle  carbide  phases  and  a  cobalt-base 
plpotie  phase  is  determined  by  the  cemrenition  of  the  car¬ 
bide  phase  and  the  cobalt  content.  Tbs  hordest  alloys  are 
those  vfnich  contain  no  cobalt  (Fig  1,  curve  1).  Pure 
tungsten  carbide  of  stoichiometric  composition  has  a  hard- 
ntsa  of  1750  kg/an^  and  the  hardnaae  inoreaaaa  with  an 


incrsase  in  the  titahivia  carbide  eontont.  The  inti'oduction 
of  cobalt  reduces  the  hardness,  however  the  pattern  of  Its 
variation  aa  a  funotlcn  of  the  titanium  carbide  content  In 
the  TiC-VC-Go  alleys  is  analagous  to  that  in  the  TIC-VC 
alloys , 

The  data  on  the  variation  of  the  hencUng  ultimfta 
'strength  and  hardness  for  the  alloys  studied  as  e  function 
of  be  cobalt  content  are  presented  in  Fig  2.  Tlie  cxirve 
9ho\>/T.ng  the  variation  of  the  bending  ultimste  strength 
for  two-phase  alloys  VC-Co  passes  through  a  maximum 
(curve  1; >  In  the  case  of  the  three-phase  alloys  TiC-VC-Co 
in  which  the  TiC  content  was  50^  hy  volume  or  15;;?  by  weight, 
X-ray  strijctural  atudies  (Ref  6)  shewed  that  the  titanium 
phase  was  under  tensile  stress  arising  as  a  result  of  the 
dlff ej ence  in  the  coefficients  of  thermal  expansion  of  the 
tltaniun  phase  and  of  the  VC  phase  which  it  surrounds. 


Fig  2.  Effect  of  cobalt  concentration  on  the 
bending  ultimate  strength  and  hardness  Hy  of 
the  TIC- VC-Co  alleys: 

1  -  V/G-Co,  2  -  VC-TiC-Co  (15;^TiC  in  carbide), 

5  -  VC-TiC-Oc  (6^T1C  in  carbide) 

§  bending  u,^tlraate  etrenth,  "ks/tmT 
Hy,  kg/nro'^ 

'%  by  volume  of  Co 

Fig  2  ahowe  that  the  shape  of  the  curve  for  the 
varirtion  of  the  bending  ultim'^te  strength  as  a  fujiction  of 
the  cobalt  content  for  the  vc-TiC-Co  fnree- phase  alloys  ' 
(curve  2)  is  analagouo  to  the  shape  for  the  VC-Co  alloys. 

The  strength  curve  passes  through  a  maximum.  This  similarity 
in  spite  of  the  ccnsidersble  difference  in  the  structure  of 
the  alloys,  is  explained  by  the  fact  that  in  both  eases  the 
increase  in  the  cobalt  content  leads  to  an  increase  in  the 
plasticity,  is  accompanied  by  a  relaxation  of  the  stresses, 
and  inoreasee  the  strength  of  the  alley.  The  differenoe 
lies  in  the  eirowastaaeg  the  free^uirl^  stfee»«f  ar^ef 
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alXovia^-  -■  on^ir.t 
^  cebaii  cou&snt,  f/'  by  veie:ht 

alloy Ing  component  (.rcntont,  jS  by  veigbt 
0  composition  of  the  cemeatlnf;'  phaafti 
^1  VC  corapenfent 

tfV  weight 
^  fltotnic  f* 

(F)  alloying  ccrapcnent  content  In  oftrblde  p'haee 
lattice  p.ararr, tit  SI'S 
m  VC  phase 

cobelt  baee  solid  eo.luticn 
^  >1  tote’J  content  in  alloy 
^  X-roy  stv-jcturol  analysis  perf ccnied  by 
A. ,3.  Koval* ok-iy  rnd  .  PivcvsroT 

The  dat.a  of  T.anls  2  ahov/  tb-'.-.t  in  the  alloyis  contioirJ.ng 
ppt.r  .■'ipd  elurrii.nus»  ..he  ochalt  phase  does  net  cenoain  tuiig- 
.er'.  oarVide  .in  solution,  Xp.  the  VC-Go  alloy  without  ailoy- 
•ig  edditivos  Ihe  cob.alt  pha?ie  contains  T.iore  ■chan  /.■O. 

Copper  and  aluminum  o-re  soluVae  in  ccbalt  in  rathyr 
rgt  ’  fuititleft  (Refs  12»  13).  Mow»rer*  that^e  eoaponent* 
iffer  eignifioftn^ly  in 


A  *■> 


with  the  oarhlde  phaee.  The  ecpper  does  not  react  vlth 
tungsten  oarhide  vrtille  67ji  of  the  A1  tranefonoe  Into 
the  oarhide  phase#  accoapanled  hy  a  oonslderahle  reduction 
in  the  parameters  of  the  tungsten  oarhide  lattice.  Moly¬ 
bdenum  chromium  are  distrihuted  hetween  the  carbide 
and  cementing  phases  which  also  contain  tungsten  carbide 

in  solution.  ^  ^ ^ 

The  concentration  of  the  cohalt  based  solid  solution 
during  alloying  with  the  carhlde-forming  elements 
(Mo*  Cr,  Al)  increases  with  an  increase  in  the  free  energy 
of  formation  of  their  oarhldee  hut  the  percentage  of  the 
alloying  metal  transformed  to  the  carbide  phase  is  decreased. 

The  introduction  of  boron  in  the  form  of  chromium 
boride  Into  an  alloy  containing  chromium  leads  to  a  sig¬ 
nificant  change  in  the  distribution  of  the  chromitun 
between  the  phaaes.  The  concentration  of  chromium  in  the 
solid  Bolutlon  rises  while  its  content  in  the  carbide  phase 
becomes  very  low.  The  majority  of  the  boron  (74^)  Is 
transformed  into  the  oarhide  phaee  although  its  content 
In  the  oohalt  phase  remaine  high  (7.6^). 

^eee  dais,  show  that  the  action  of  the  alloying  oom- 
ponente  differs  considerably  and  this  has  an  influmnes  on 
the  properties  of  the  alloys  (Pig  3»  4/) . 


Pig  3.  Effect  of  the  content  of  an  alloying  com¬ 
ponent  (to  the  binding  metal)  on  the  bending 
ultimate  strength  and  the  hardness  of  VC-Co  alloys 
at  a  temperature  of  20^ t 

1  -  molybdenum  (19^  Co)»  2  -  ohromium  (ISjt  Co). 

3  -  aluminun  (19^  Co)*  4  -  ohromium  boride  (19^  Co)* 
9  -  copper  (6}l  Co) 

A  bending  ult lasts  strength*  kg/in^ 
t  Suthra  tiMl  hUeySng  eempfmffcs  atealo  % 


m  9  • 


At  room  temper"'ture  all  the-  alloying  cemponentg 
atid  ied,  with  the  exeeri-icn  of  copper,  lowered  the  bending 
ultimate  strength  of  the  WC-Co  alloys.  The  greatest  lcv;er- 
ing  of  the  strength  ie  noted  when  alloyini.!:  with  chronivim 
hcride,  nomewhot  lese  v/ith  aluminur,  still  less  \'ith 
chromium,  and  the  lengt  with  moly'bderium.  The  concentration 


of  i/hc  alloying  componente  in  the  sc  lid  solution  of  the 
cohalt  base  deereasea  in  the  same  order  (Tatis  2)* 

I  A  — o,M 

mV  J  ^  '‘•—n*  .  m 


/^\  CittpiUeiiut  mnpjfmftu  utm’mtuma,  atn% 

Pig  4.  Effect  of  cent-int  of  alloying  component 
(to  hindinp-  metal)  on  the  bending  ultimr-te  strength 


and  hardness  of  the  VG-Co  alloys  at  elevated  tern- 


pera.turea  i 

■J  -  molybdenum  (POO^), 
3  -  aluminum  (800^),  4 


f  bending,  ultimate, 
h  a  rd  n  e  3  8 ,  kg/mm* 
alloying  component 


2  -  chromium  (000®) 
-  copper  (600®) 

kg/mm* 

content,  atomic  % 


The  introduction  of  smll  quantities  of  copper  (  to 
ICi)  leads  to  an  increase  in  the  strength  of  the  alloys 
VJhile  fiarther  inoreaee  in  copper  content  is  acccmpariied 
by  decrease  in  the  strength  of  the  VC-Cc  alloys.  Alloy¬ 
ing  ’’ith  chromium  boride,  aluminum,  ebremiura  and  niolyhdenun 
incT‘=5aaes  the  concentration  of  the  alloying  components 
(V,  Cr,  Al,  Mo)  in  the  cobalt-base  solid  sc lution,  decreases 
the  plasticity,  and  leads  to  a  redu'tion  in  the  strength 
of  the  allcj'-s.  The  greater  the  ccncentration,  the  larger 
the  reduction  in  strength.  The  composition  of  the  binding 
yhase  has  little  effect  on  the  hardness  of  the  alloys 
-ince  the  hordneac  varies  nearly  linear iy  with  the  change 
in  the  cobalt  content  vdiiie  the  volumetric  content  of  the 
bind  ng  phase  in  the  alloys  studied  did  not  exceed  205^» 

The  maximum  increase  in  hardness  vras  obserred  Whan  alloying 


with  o'hroTOiunii  ’ooride*  losa  in  tlie  eas®  o.f  triolybdenui??,  and. 
,le>'st  ' 'hsn  alloyins  vtth  chrotriiuia#  Alloying  v/lth  aluminuin 
i?  an  axcepticrij  "nd  tliia  la  probrib.ly  r^lp-ted  to  the 
duct. Ion  of  1.1:10  hsrdneBa  of  the  carbide  phase. 

At  «:terated  teraper'ituras  (600^',  800®),  a.lloyirjs 
with  Kc,  Cr,  A1  snd  CrB  is  p-cccisipon^ed  by  a  significant 
ino.rop.t'S  in  tVia  strength  of  the  I'iloya  (Fig  4)  sincs'  in 
t.npso  i:;a.sea  the  lowering  cf  the  plesticity  cf  i/nc  cemont- 
''hr'-s-s  V'scojnes  ?  fe.vorable  factor.  Kov..'ever,  the 


umim  cn  tVio  etrength— oontent-of-elloying-ocffiponent 
tiiirve  is  dif.ferent  for  each  of  the  alloying  additives. 

''ho  i^ivtier  the  ccTitent  of  the  alloying  adcMtire  in  ohe 
i,*''iba'lt<»b"'se  solid  solution  (iabliS  J),  the  lower  tlie  con* 
crjnto'vtion  o;r  ihs  o.lloying  cosnuonant  in  the  alloy  a:  vhich 
tl3£  i;rcKi?nuTU  strength  is  obe^h'ved*  This  corresporid?  to 
th-’t  content  ci'  the  alloyiii-:.'  additive  for  ■'■■.hioh  ilirthor 
sivrei'i'd.hen  i  n;:  cf  the  c-obsit^by  a.lloy.i.ng  eo  reduces  its 
plasticity  tliat  oven  at  the  test  to'iBper^’^ture  cf  8C0® 
tlic  r'hlcy  strength  is  reduced.. 

■'.'he  jneroese  in  the  horenesa  of  the  e.lloy:;  ar.  the 
,;n(jo  i„,ei'n;per.titi.u'-Oi  \^..'lth  alloying)  ia  t'f/v  Ic.r/fvcc  t!i?r.  at 
roc'.-i  Mirreerature  0''is  4).  The  .increase  i.n  hftrdn«r3s  v,>hen 
"'olybdenuR  as  .'ta  cddltive  is  censid era.bly  mere  than, 
•..'hen  usin,'  c'hromiun:',  '••nd  this  is  irr-cbabiy  detaiv.ined 
'by  '.larger  .stcniio  conoentrat ic.:c  of  the  molyb':'lenur;i  in 
tl'.o  crrirbide  T'hase. 

•‘•ho  effect  of  the  add-itions  cn  the  properties  of  the 
ia  d(3termined  not  only  by  tVie  aonoontration  of  ■I'bo 
!'3c.iutlon  'but  also  to  a  considerable  exte:r>t  is  de- 


pfcrnder.t  on  the  na'tu.re  of  the  additive  cotnpHmBnt .  'll  is 
'!.n‘;.nv,'n  i.'ief  14}  th..at  V,  He,  Cr,  and  Al  leen  tn  a  s'iU'.vrp 
'it;rc.ng!:..' on.ing  of  the  HI  and  Co  alleys  at  rcorc  tsarpsrnt'drSL'i 
.'■..f'd  ot  elc'rated  t.3mp3orsturQB .  Copper  Is  not  used  ,a,?  an 
.edf  itivs  C'Ctrj'onent  to  sti’-angthen  the  nickel  and  .tsc'belr. 

0 1 1  oy i'” . 

Tabla  .3  presents  the  data  cn  the  effect  'O-n  the;  pre:- 
cer’:.;!. cj-!  of  the  'i-.’C-Co  alloys  of  •■dclitions  of  copper.  As 
o-.n  be  seen  fj'cm  the  table,  th'-:-  introduction  of  20>  copper 
to  the  binding  pho,3e  reduces  che  streiogt'iri  and  h-rduepa  cf 
t'.  eofl  '.•dllcys, 

'./ith  a  copuer  ccr)te.nt  up  tc  1-2  atonic  the 
-oh;-  -tirity  of  the  cementing  phe.ee  increas-^s  aa  a  rer?ul't  cf 
the  '■''bfiance  of  dissolvs-d  tuncaten  carbide  and  fhis  lead.s 


to  ro  increciBe  in  strength. 

At  600®  the  inersose  in  strength  .ia  already  prac  - 
tivoally  ncnexletent  t.'hile  the  Btrenst'oenlng  action  cf  the 
Giber  additive  ccraponente  (Me,  Cr,  Al)  Is  oost  apprecia'cle 
ro  the  elevated  temperatures. 
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Table  3 


Sffect  of  copper  (20  by  v;eight  tc  cobalt) on  the 
properties  of  the  WC-Co  alloy 


1 

OojKpIKtnM  1 

MoiM,  lac.  1 

<s>  \ 

1  HO* 

I  WHO.  % 

I 

1  'll..- 

_ £1 _ 

H,  Kti.lMi* 

S) 

»<“  1 

r 

,  MX)-’ 

20 

H 

144 

117 

878 

8 

188 

177 

1103 

20 

tS 

152 

142 

6H6 

— 

15 

231 

177 

928 

20 

30 

137  i 

i  108 

558 

! 

30  1 

165  ! 

!  142 

.578 

^  copper  content,  '.-feight  % 

®  cobalt  content,  weight  fj 
^  ultimate  benriing  strength,  kg/nm^ 

^  H,  kg/tninS 

The  properties  of  the  powder  metol  herd  elloys  V/C-Co 
may  be  ■substantially  imprcved  by  the  selection  of  additive 
coiiroonentg,  the  choice  of  which  to  a  considerable  extent 
must  be  determined  by  the  pattern  of  their  interaction  v/ith 
the  cemantlng  end  carbide  phases* 

the  carbide  base  powder  metal  h'^rd  nlloys  consist 
of  hard,  but  brittle  carbide  grains  and  pl'-'etic  constituents 
(VC,  Co,  I'li).  The  carbides  sre  chcractex'iged  by  high 
strength  and  h'^rdness  at  elereted  temperatures  while  iron, 
cobalt,  and  nickel  ere  outstanding  for  their  rel*?tively 
slight  weakening  at  high  temperatures.  The  cementing  m.itals 
ere  introduced  in  rhe  minimum  quantities  sufficient  to 
attain  the  necessary  toughness  of  the  alloys. 

It  is  clear  from  x.he  data  obtained  in  this  invs-vtiga- 
tlon  that  in  those  alloys  in  v/hich  there  is  a  continuous 
rend  bet^^'e3n  the  carbide  particles,  an  increase  of  the 
cobalt  content  reduces  the  hardness  of  xhe  alloys  "'nd  does 
not  lead  to  a  significant  improvement  :ln  their  strength 
(alloys  VC-Co  and  TiC-v/c-Co  with  TiC  content  up  to  s6-30p) . 
In  the  systems  in  which  there  is  net  a  strong  continuous 
bond  between  the  grains  of  the  carbide  phase,  the  introduc- 
ticn  cf  a  cementing  metal  in  the  same  volumetric  proportions 
as  used  in  the  previous  case  leads  to  e  considerable  increus 
in  strength  (alloys  C-Co  and  TiC  and  C-Cc  with  TIC  content 
up  to  20-30:i>). 

The  structure  of  the  alloyc,  the  existence  or  absence 
of  continuous  bond?  bet’-een  the  carbide  particles,  is 
priForily  determined  by  the  curability  of  the  cementing 


metal  to  vet  the  carbide.  Xn  order  to  alloy  the  carbide 
phase  it  ia  necosspry  to  have  componentB  which* 
increasing  the  herdneae  -nd  the  thermal  reeistsince  cf  the 
carbide  base,  can  also  improve  the  vetting  of  the  carbide 
by  the  binding  metal.  The  optimum  ease  ie  a  system  in 
vhioh  complete  wetting  of  the  carbide  by  the  cementing 
metal  is  achieved,  i*e.  there  is  not  continucua  bond  batween 
the  grains  cf  the  carbide  base.  Xn  such  a  system  fvarther 
improvement  cf  the  properties  is  possible  by  changing  the 
coffiTosltion  end  prop'rtles  of  the  cementing  phase. 

The  experiments  conducted  indicated  that  when  alloy-* 
ing  the  cementing  phase  the  alloying  components  can  be 
divided  into  tvc  groups:  the  first  group  consists  of 
those  elsmenta  which  on  introduction  reduce  the  solubility 
cf  the  tungsten  carbide  in  the  cobelt  {in  our  case  these 
were  copper  and  aluminum),  pnd  the  second  group  consists 
of  those  elements  which  increase  the  therc'sal  raaistance 
of  the  cement  ond  of  the  alloy  as  e.  whole  (in  our  case 
Mo,  Cr,  A.1)  es  a.  result  of  the  increased  concentration  of 
the  alloying  components.  The  eieraente  of  the  flret  group 
should  bo  added  in  very  small  qxmntities,  just  aui'f.loient 
to  prevent  the  solution  of  the  carbide  in  tVie  binding 
metal.  In  this  case  there  is  an  increase  in  tVie  plasticity 
of  ihe  cementing  metal  and  an  increase  in  the  strength  of 
the  alloy  as  a  whole.  Increasing  the  du^mtity  of  the  alloy¬ 
ing  eord'onent  and  cons.’-squently  iaicreasing  Its  concentration 
in  the  solid  solution  reduced  the  properties  of  the  alloyii 
The  optimum  content  of  the  alloying  cemponerats  of  the 
aecond  greup  is  determined  by  thoir  distribution  between 
ths  cementing  and  the  carbide  phases*  by  their  atrength- 
enlng  set  ion  on  the  cementing  metal,  and  also  by  the 
operr-itinr^  temperaturee  of  the  given  material.,  The  com*- 
•■'oaition  of  the  cementing  phase  should  bs  such  that  there 
is  a  minimum  reduction  of  strength  and  plasticity  of  the 
alloys  at  room  temperature  while  the  maximum  nooslble  in¬ 
crease  in  etrength  at  operating  temperature  is  attained. 


COKGLUSICIIS 


'J ,  The  relation  between  the  ccaposition  of  the 
carbide  phase  and  the  structure  and  ‘che  properties  of  the 
alloys  of  the  system  VC-TiC-Co  is  shown* 

2.  Ihe  dependenoe  of  the  properties  of  the  alloys 
VC-Co  and  VC-TiC-Co  (two  end  three-phase)  on  the  cobalt 
content  is  presented. 

5.  Data  v;ere  obtained  on  the  distribution  of  the 
additive  components  (Cu,  Mo,  Cr*  Al,  CrB)  between  the 
cementing  and  oarblde  phases  in  the  VC-Co  alloys. 
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ON  THE  STRUCTURE  01  ALLOYS  OF  TITANIUM  CARBIDE  WITH  NICKEL, 
CUROMIt^I,  AND  MOLYBDENUM 


|,Follovfin|t  is  th»  translation  of  an  article  by  v.  N. 

Yeremenko,  Z.  I,  Tolmacheva,  and  T,  Ya.  Velikhanova 

In  the  Russlan-laniifuago  bock  Isslcdovaniya  tjo 

Zliaroproehnym  Splavam  (Research  on  Refractory  Alloys) 

vdl  8,  USSR  Acadoay  of  Scioneos  Press,  Moscow,  1962,  pp  95-102,] 

In  the  deTelopment  of  the  hard  and  abraaion-reolstant 
alloys  and  the  refractory  raateriBls  v/ith  a  titanium  carlide 
base  and  uslnc  metallic  hinders  such  as  nickel,  chromiutr., 
and  molybdenum  it  is  important  to  have  accurate  data  on 
the  Interactions  of  titanium  carbide  with  these  metals  and 
on  the  structure  of  the  alloi's  of  titanium  carbide  v/ith 
nickel,  chromium,  and  molybdenum*  The  information  available- 
In  the  literature  on  this  subject  is  based  on  the  experi¬ 
mental  data  of  various  investigators  and  is  neither  con¬ 
sistent  nor  reliable.  In  th-'  majority  of  the  publications 
it  is  indicated  that  the  interaction  of  titanium  carbide 
with  these  metals  results  in  the  formation  of  either  the 
oarbiaes  of  these  metals  (Refs  1,  2)  or  the  release  of 
free  carbon  (Ref  3).  These  conclusions  contradict  the 
conclusions  Walch  may  be  drawn  concerning  the  progress  of 
the  reoctlons  in  the  systems  TiC-Me  (Mo  standing  for  nickel, 
chromium,  or  molybdenum)  on  the  basis  of  the  thertnodynamic 
stability  of  the  carbides  of  the  metals  of  these  elements. 

The  bonding  of  the  cementing  metal  into  the  brittle 
carbides  should  significantly  alter  the  properties  of  the 
materials  consisting  of  a  tltaniixm  carbide  base  and  a, 
metallic  hinder.  First  of  all,  this  should  lead,  to  an 
Increase  of  the  already  Viigh  brittleness  of  the  titanium 
carbide  base  alloys.  The  release  of  free  graphite  in  the 
alloys  is  also  undesirable  since  this  results  in  a  lowering 
of  the  mechanical  strength. 

The  present  v;ork  on  the  triangulation  of  the  systems 
Ti-O-Ni,  Tl-C-Cr,  and  Tl-C-Mo  was  undertaken  in  order  to 
clarify  the  actual  phase  ocmpoeltlon  of  the  alloys  of 
titanium  carhide  with  nickel,  chromium,  and  molybdemnB. 


THE  TITANIUM- CARBON- NICKEL  SYSTEM 


A  summaiyof  the  available  data  on  the  Tl-C  and  Tl-Nl 
systems  is  given  in  Ref  4,  that  on  the  Nl-C  system  in 
F’ef  5  and  the  Interaction  of  titanium  carbide  with  nickel 
is  discussed  In  Refs  6,  7,  18. 
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There  are  varied  ideea  cn  the  structure  of  the  alloys 
of  titanium  carbide  v/ith  nickel.  According  tc  the  diagram 
puhlisVied  by  Steinitz  (Ref  9)  with  references  to  Stov'e 
work  sand  eccordlng  to  the  later  publication  of  Ref  3  (Pig  I), 
there  is  an  extensive  three-rhasa  field  in  the  TiC-Ni 
aection  of  the  ternary'  system  Tl-C«Ni,  formed  by  titanium 
carbide,  graphite,  and  a  nickel-base  solid  solution.  On 
this  baais  the  oonolusion  was  drawn  that  the  TiC-.Nl  section 
is  not  QURslbinary.  On  the  other  hand,  investigations  re¬ 
ported  in  Refs  10  and  0  gave  n  basis  .for  concluding  that 
the  TiC»Ki  section  ie  quasibinary  and  has  a  xihase  diagram 
of  a  simple  eutectic  type  similar  to  the  situation  existing 
in  the  TiC-Co  (Refs  12,  13)  and  TiC-Pe  (Ref  14)  systems. 

Since  in  the  system  Ti-Ni  there  a:“'e  three  cotTiFOund8_^ 
--Tigpi,  TilTi,  and  TilTi2r"^the  nickel  carbide  KisC  is  not 
stable  at  temperatures  below  2000°  (Hef  5),  and  the  free 
energy  of  fcrme.tlon  from  the  elements  is  positive  up  to 
3500”  (Ref  11),  in  order  to  arrive  at  a  final  conclusion 
concerning  the  character  of  the  section  TiC-Ki  of  the 
teriwry  system  Ti-C-Fi  an  investigation  was  rasde  of  the 
structure  of  alloys  v;hoae  oomjcaition  lies  at  the  points 
of  intersection  of  the  TiC-Fl  sections  with  the  sections 
Ti2Ni-C,  TiKi-C,  and  TiNi3-C  (Pig  2). 

Alloys  with  these  compositions  were  melted  in  an 
arc  furnace  using  a  water-cooled  container  in  a  nitrogen 
atmosphere  from  a  ligature  of  compos iton  Ti2lTi,  Tilli  and 
TiPij  and  graphite  of  high  purity. 

After  annealing  of  the  alloys  at  1280®,  netnl- 
lographic  analysis  determined  thpt  all  the  alloys  were 
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two-phRe<!s.^  On®  of  the  phaseo  had  a  microhardnecH  of  about 

.?-000  kg/cra^. 

During  the  metallographio  analyslfl  of  the  billets 
cf  melted  titanium  carhide  obtained  from  titanium  and 
carbon,  there  were  clearly  apparent  gr&pViite  exclusions 
which  were  primarily  located  in  tha  upper  pcrticn  cf  the 
billet.  Thus,  during  the  procese  of  melting  the  uncombined 
graphite  is  strongly  liQuated .  Since  the  free  energy  of 
fo’-rration  of  titanium  carbide  is  quite  high  --  at  2000^- 
J&,  it  is  49  kcal/mol  and  continues  to  increase  as  the 
tempierature  is  lowered,  (Ref  11)  —  while  the  free  energy 
of  forms.tion  of  the  solid  solution  of  titanium  carbide  in 
nickel  is  much  lover,  the  decomposition  of  titanium  carbide 
by  nickel  would  be  accompanied  hj?*  a  large  increase  in  the 
tree  energy  of  the  system.  Therefore  such  a  process  cannot 
occur  epontsnecuely* 


Table  1 

The  content  of  free  and  combined  carbon  in  titanium 
carhide  prepared  hy  arc  melting 


ffOMcp 

% 

% 

Hr.Mep 

^o0m‘ 

_ i© _ L 

'& - 

— ^ 

t 

1 

20,2 

0,8 

5 

2U,0  i 

•i 

iy,8 

0,6 

ti 

20,  t  1 

0,!i 

20,1 

O.li 

i 

|i 

7 

J9.9  1 

0,fl 

i 

19, » 

0.7 

1 

1 

melt  number 

total  carbon  fy 

fr 

ce  carbon 

,  % 

Ve  also  determined  the  solubility  of  nickel  in 
tltnnium  carbide.  Alloys  containing  up  to  30^  hy  weight 
of  ITi  v'ere  prepared  by  hot  pressing  since  it  was  not  possible 
to  obtain  billets  which  were  homogenous  throughout  the 
section  by  melting  in  the  case  of  those  alloys  containing 
lees  than  lOfi  Vi,  The  hot  pressing  was  performed  at  temp- 
eretures  of  2000-2200''^  for  those  samples  vjhich  had  a  nickel 
content  up  to  5??  while  temperatures  of  1900-1960®  were  used 
when  the  nickel  content  v'as  10-20^.  The  alloy  containing 
305?  Ni  was  pressed  at  1860®. 

The  solubility  wae  determined  hy  the  quench  method 
with  metallographic  analysis  of  the  ground  end  after 
annealing  under  marious  conditions  and  with  varied  duration 
cf  annealing  at  1700,  1650,  1280,  1200,  and  1000®.  It  was 
found  thet  the  alloys  containing  up  to  0.6-0. 7^  N1  are 
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singlfc'-r’r:B.se  t.!!  t  eYnp^r-'-tiirea ,  ■'/'h 
nic'Kel  ccntent  a  second  phase  sppei-rt 
"!:>». se  solid  sdutiop. 

The  motaljo-girarihlc  snalyoie  6 
X-yay  ona.lysea  using  the  raethcd  cf  r 
cf  the  test  section.  The  >’,->re.y  pift 
c o’"' alt  r&diaticri  vfj.th  the  420  line  f 
determine  precise 31’'  the  position  g-*’ 
the  alloys  rich  in  tit&niuw  carhidws 
analytsis  vras  ccndu.oted  on  samples  of 
nickel  eft.-r  extended  hcsiof,  :: 
12600.  It  was  fo'and  that  the  irit'lf 
ail  of  the  sample.?  occurred  at  i260- 
tsined  and  the  earlier  puhlished  inf 
permitted  the  construction  of  the  rh 
system  TiC-Ni  presented  in  Pig  3. 


ile  with  a  higlier 
s  wliich  3.S  s  riic’ol- 

ata  v/ere  eonf  Irm.ed  by 
egr  t ire  ph  ot  ogrnphy 
'area  vrere  taicen  usirig 
couped.  I.n  crisi'  to 
tlie  so  11  due  line  in 
d  iff  or  on-t  la  1  th  nrtna  3 
the  alloys  ccntair.xng 


iztng  annealing 
tlon  of  melting  in 
1300*^ .  This  dctte  civ 
c  me  t  ion  (Kef  a  3,  7) 
ase  diagram  for  the 


Pig  .3. 


Ph.a-^-s  diagram  of  the  syetem  TiC-Ki 


T1£E  •  T  XT' ANKIM**  CARBOSh  CKKOl  ..lUH  3YST}i21 


A  euramary  of  data  on  the  atra^cture  of  the  alloys  of 
the  system  Ci-Cr  is  presented  ir;  Ref  4  end  that  for  the 
system  C-Cr  in  Re-f  5. 

There  is  very  little  data  on  the  interaction  of 
titanium  carbide  'with  chromium.  Ref  1  indicates  that  in  the 
allo3fs  cf  titanium  carbide  vith  o'nromiUTii  there  is  a.  third 
phase  which  was  identified  by  X~ra'y  enelysis  8.e  chromium 
carbide  0x703.  Engel  (Ref  15)  also  obs«arTed  the  interaction 
cf  chremium  vith  titanitia  csrbide  during  the  melting  of 
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chrcinium  in  containers  ssade  of  fiintered  ^  itaniuai  carbide. 
The  molten  chrotnium  scarcely  penetrated  between  the  groins 
of  the  titanium  carbide  and  Ft  the  points  of  contact  the 
formation  of  a  new  phase  was  observed. 

During  melting  of  chromium  containing  small 
by  weight)  additions  of  technical  carbide  v;e  also  o'bsprrved 
the  form-jtion  of  a  new  phase  which  was  identified  by  X-ray 
analysis  as  the  lowest  cubic  carbide  of  chrcniium,  Gr23C6  » 

These  observations  are  not  in  good  agreement  with 
the  thbrmodjmamic  characteristics  of  the  carbides.  The 
free  energy  of  formation  of  titanium  carbide  as  noted 
previously  Is  49  kcal/mcl  at  2000°  K.  At  this  same 
temperature  the  free  energy  of  fcrmation  of  Ct2Z*^6  P®3’ 
gram-atom  of  carbon  Is  16,2  Iccal/mol  (P.ef  11).  The 
corresponding  magnitudes  for  TiC  and,.CT3G2-.e.t  1500®  X 
are  52,1  and  12.2  kcal/mol  (Ref  16).  To  clarify  hovj  the 
system  Ti-C-Cr  is  triangulated  we  prepared  and  studied 
the  alloys  whose  ocmpositicn  is  noted  by  the  points  1,2 
on  Fig  4. 


c 


Fig  4.  Composition  of  the  alloys  studied 

These  alloys  were  melted  in  an  src  furnace  from, 
titanium  ^nd  the  chrcraium  carbidee  Cr3G2  and  CrnCj,  from 
titanium  carbide  ^and  metallic  chromium.  In  the  preparation 
of  the  alloys  we  used  Cr<jtC3  with  8, 9*^  by  weight  of  combined 
carbon  (theoretical  combined  carbon  being  9,06%)  and 
Gr3C2  v/ith  13,4^  by  weight  total  carbon  and  0,16%  by  weight 
free  carbon  (theoretical  combined  carbon  being  13,3*^). 

The  titanium  carblnde  contained  19,2^^  by  -.’eight  of  total 
c.arbon  and  0,4^  by  weight  of  free  carbon  (theoretical  ccn- 
bined  carbon  being  20.0^).  The  chromium  contained  0.1 
weight  ^  of  C .  Samples  wer^*  also  prepared  of  alloys  with 
20  v.'eight  %  of  Cr  from  TiC  and  Gr  of  the  noted  ccmpcsitioa 
as  veil  as  from  titanium  carbide  with  19*7  weight  %  of 
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combined  csrbcn  and  C.05  v/eigbt  of  free  carbon, 

I'etalJograpble  snalj'siis  of  the  san-  les  of  the  alloys 
vhich  h?d  been  annealed  rt  1200°  indicated  that  the  alloys 
prepar’d  from  obr’ nium  carbide  and  metallic  titenium 
23ee  Ncte7  and  the  alloys  -  ith  20  v;eight  of  Gr  vbich 
"ere  melted  frcE  titanium  carbide  liaTing  0,0.';.  '-eight  cf 

free  c.arbrn  ''^nd  19,7  v/eight  f>  of  total  carbon  vere  tv.'o- 
ph.'Tse.  The  micrcb-rdness  of  the  phases  (300  and  cOuO  Icg/cm'") 
corresponds  to  the  b.'-riness  cf  the  chrcnium  base  end 
titanium  carbide  base  phases, 

^ote.  These  alleys  had  the  fcllov'ing  compositions ; 
Alloy  1:  52,85;f  Cr;  36, Of'  Ti;  9,lf^  C  (9,. 2;-'  C  theoret) 
Allc>y  2i  CS.OJ^f  Gr;  20,5<  Ti;  6  ,4-;'J  C  (6  ,4;;-  C  theoret) 

C  theoret  is  the  quanitity  of  carbon  v'hlch  cerrea- 
penda  to  the  stoichiometric  cempesition  of  titanium 
carbide  based  on  the  quantity  of  tir-anium  feund  in 
the  alloy  by  .ana lyai8_.7 

The  alleys  denoted  by  points  1  and  2  on  Fig  4  end  th.e 
alloys  centsining  20  v;eight  f'  Cr  prepared  from  titanium 
carbide  b-vii-,-  o.4  v/eight  ,'1  of  free  carbon  ^nd  19,2  veight 
of  total  c.arbcn  '.'ere  found  to  be  three-phase.  The  micro- 
hardness  0^  '.he  phases  in  these  alloys  v/ere  300,  .1000,  and 
3000  y:g/crr\~,  vhich  corresrends  to  the  hardness  of  the 
chromium,  chromium  carbide,  and  titanium  carbide  bases, 
ouch  a  difference  in  the  structure  cf  alloys  prepared  from 
titanium  carbide  v'ith  differing  amounts  of  errabined  carbon 
is  explained  b’'  the  pre.sence  of  admixtures  of  oxygen  and 
nitrogen,  b's  know  (?efs  4,  17)  that  the  presence  cf  ad¬ 
mixtures  of  oxygen  and  nitrogen  make  it  impossible  to  ob¬ 
tain  titanium  carbide  of  stoichiometric  composition.  The 
f crm;--'tion  of  chrcmlum  carbides,  as  observed  in  Refs  1,  15 
as  well  as  in  this  present  v;ork,  in  the  alloys  prepared  from 
titanium  carbide  of  non-stoichicmotric  compositirn  is  caused 
by  tVe  presence  of  the  impurities.  For  example,  in  the 
prepf'rrtlon  cf  ^n  alloy  with  205^  Cr  from  TIC  h.aving  19,2 
weight  of  total  carbon  and  0,4  v/eight  %  of  free  carbon 
0.32  v/eight  of  free  carbon  is  intreduced  into  the  chai-ge 
v/it'-  the  titanium  carbide.  This  amount  is  sufficient  to  ' 
bind  .about  3  v.'eight  f,  cf  Gr  in  the  carbide  CryCg  and  about 
5  weight  of  Cr  in  the  carbide  Cr-sCs .  The  maximum 
energies  of  the  reactions  cf  the  interaction  of  the  titanium 
'ith  the  chromium  carbides  are  characterised  by  the  follcww 
ing  magnitudes. 

At  8980  Ki  , 

ii  ■  in:  r  -  Af  *  vr 


,  -  -l  iC 


‘i.’’,!)  KKajt. 


Ti-;  ••  Ti<:  ■  -,j  Cr 


■6kf  4t.9 


•  18  • 


* 


At  2000"  Ki 


.CtW 


Vii 


-  -  Tf 


At  1500"  Kt 

Ti-i4(:r,rs 


A  A'  40,  T  ,■■^0^/1. 


T'!'.eRe  IV.er»oiyKAn)lc  di^tfi  in6.ic;at-.e  that  the  ecraill- 
‘brium  cf  th.';  reactiona  at  temperaturea  frcra  29B  to  2000"' 
la  shifted  s’.'ftrpiy  towards  the  formation  of  titani'am 
cprhld^; f  «nd  ccnseciuenily  the  eystem  TiC-Cr  is  not 
rsoiurccivl  wit!:  the  s^fstenin  Ti-CrosCe*  Ti-CrfCs,  and 
f  J.-Gx*5C;:>  ThuSv  OH  the  hasie  of  this  data  we  may  conclude 
that  the  section  TlC-Cv  of  the  tornery  'systom  Ti-C-Cr  ia 
qu-aihinary ► 


:.:.l  /i]l  iJH-  GAKljOir-MOLYiaiEirQ'M  S YSTiJW 


A  sxnri'n'-rr'':'  of  the  data  on  the  system  Gi-Mo  is  pre** 
sent. ad  'in  hof  -is  orf-.i  data  for  the  system  Ilo-C  in  hef  18, 

T'i,.e  lott&r  also  pi'esents  a  little  information  cn  the  ternaiy 
sy'-j/tem  ■ri-C-.-Mc  i'o  the  area  of  the  triangle  KogC-TiC-KcC. 
i:ef  t]  haw  eared  recent Ijr  giving  the  re3ul.ts  of  the  in-'res- 
ior  of  ;;3tructure  of  the  alloys  of  ths  terno„ry 
irys'icri  fi-C-Hs';  at  1710".  'i'he  authoro  did  not  set  ou'i:.  to 
eh'f r’i'-'Y  the  tran-i  of  the  progi-ees  of  ths  reoctions  ir:  the 

the  empirical  dats»  vns  not  critioally  era'la&ted, 
rn  tViS  ■poc-,-' ticn  of  ths  phase  fields  in  the  Isothermal 

eection  (vig  '))  'presontsd  in  that  vrork  require  ro'i/'is io'n. 

Of  'tha  two  cnmviound'3  of  the  Mi>G  cc/stera  v/Vi.lch  arc 
V'hl!l  k'.no'wn*  fl'-gC  r-.r.d,  iloC,  'the  monocarhide  is  stahle  only  at 
h  'igh  thi.'i'fiera'torcn  j,  at  low  tompe-rsturea  it  separates  into 
Ih'oi,:  .-jvi  i’re«  carhon .  KogC  is  formed  by  a  Tjeritectic  te- 
oct,:.oi;.  A't  a.  t f^ynpei's'turs  of  K  the  energy  of  fcrination 

of  ia  viegetivo  {fief  11)  with  s.  magnit'ude  of  2,8  kcal/tucl, 

fi'.h'  n 'dh  nv's  tl'ie  variation  wx'fch  temper  ure  of  'the  logarithm 
c-f  thi.  octivi'iy  uf  the  carbon  in  ti/^anium  carbide  and  in 
riiolybdenum  car'blda»  KcgC  (Kef  11),  The  relative  stability 
of  these  carbidfcs  is  determined  hy  the  difference 

Of /car,  — ■  “=  A'f  (in  ■■JcfVi-')  - 

Ar,  •■:.■(»  :-ee  from  Pig  6,  this  cliff -rrence  is  essentially 
nor-'t  i  over  t  entire  temperature  range  right  up  to 
the  mr-lting  temperature  of  molybdenum  csrbide,  i.e,  TiC 
at  all  temper 'ftures  is  far  more  stable  then  M02C1  although 
with  »i  rise  in  temperature  the  values  of  ^^fTiC  andA5M02C 


eonT«rf«* 


Fig  5.  Isothermal  asotion  Pig  6»  Carbon  activity 
of  ternary  system  Ti-C-Ko  la  TIC  and  MogC  ve  temp. 

(Ref  &) 

©  atomic  % 

this  indicated  the.t  in  tl:8  ssrsten  Tl»0»Ko  the  equi* 
librium  of  the  reaction 

MojC  -f'  Tl  TiC  -f-  2Mo, 


and  conaequently  also  the  reactions 


MoC  f  Ti  -♦TiC  -h  Mo, 
2MoC  +  Ti  -♦TiC  -i-  MoaC 


18  sharply  shifted  toward  the  formation  of  TiC  or  solid 
solutions  in  a  TIC  base.  Prom  this  we  must  conclude  that 
the  section  Mo-TiC  of  the  ternary  system  Ti-O-Mo  must  bs 
quaslbinary. 

In  order  to  experimentally  prove  the  validity  of 
this  conclusion  we  prepared  alloys  lying  on  the  intersection 
of  the  section  Mo-TlC  with  the  sections  MogTl  and  MoC-Tl. 

In  the  preparation  of  the  alloys,  we  used  molybdenum, 
titanium,  graphite,  titanium  carbide  and  MogC  (total  carbon 
of  and  free  carbon  of  0.15J^).  The  charge  for  each  alloy 
v'as  formed  by  two  means t  from  molybdenum  and  titanium 
carbide,  and  from  titanium  and  mo]^bdani»i  carbide.  The 
alloys  were  «ad«  If  flnterlng  the  saaqplei  la  a  vacuum  of 

.  EO  . 


10“  nm  Kg  at  a  temperature  cf  1850®  using  high-frequency 
h3^=ting  for  5  hours,  follcv.’ed  by  met? llographlc  nr.d  X-ray 
analysis . 

The  metallographic  analyeie  showed  that  all  the 
alloys,  regardless  of  v.hich  initial  mp.tsria.ls  -..'ers  used 
in  the  charge*  consist  of  t^o  phases  with  microh'‘rd.ness 
of  aVout  300  end  2400  kg/rrm'^,  During  X-ray  an.a:ly3ls,  in 
all  cf  the  samples  only  tv/o  phases  were  found:  one  a 
tit-anium  carhide  base  and  the  ether  a  molybdenum  base,  as 
Illustrated  in  fig  7.  The  alloys  prep-ared  by  .arc  melting 
from  titanium  carbide  cf  »  stoichioTnetric  composition  and 
molybfienum  of  high  purity  v/ere  also  two-phase  for  all 
retlos  of  the  constituents  and  contained  only  TiC  and 
mclybdenutn  phases.  Thus,  the  experimental  data  confirm 
that  the  section  TiC-Mo  is  quasibinary. 


Kig  7.  Line  X-ray  dip.grB.TTi  of  alloys  cf  titanium 
carbide  with  mclybdenum  prepared  by  different  riietViodB 

As  0  result  of  the  proof  that  the  section  'i'iC-Lo  is 
ouasibinary*  v'e  irrust  consider  that  the  position  of  the 
phase  fields  in  the  isometric  dlagran:  (Pef  2),  (.Fig  5)  is 
incorrect,  since,  in  accordance  vTith  this  diagram  a  con¬ 
siderable  three-phase  field  appears  in  the  section  TiC-ilo 
with  TiC,  Mope,  and  Mo-base  phases.  The  existence  of  an 
exte-sive  are'’  of  srlld  soluticns  cf  molybdenum  in  titanium 
C’Tbide  lAhich  was  presented  in  Ref  2,  and  v.'hich  has  been 
ernfirrned  by  our  inrestlgatione,  does  net  contradict 
rather  ccnflrins  the  ouaslbinary  preparty  of  the  section 
IIo-TiC,  eineo 

iTw.\  «o»  <  A^Vnc)  4-  ^otth 


m  ZX  • 


but  pince 

^  0, 

then 

iA^(TlC,  Ma)  <  -i/^(TiC). 

that  ia, 


A^Tir.  Mi>  —  >  AF,TiC)  ~  AF(Ka,C). 


COhCffiSIOHB 

1.  The  f«Gtition  TiO-Hi  of  the  ternarj'-  aystea  'i.’i-o--.Si 
Ik  tiup.albir'pry. 

2 1  iTie  sohAhilj ty  of  niclcel  In  tltH,r\iutri  o.rr'V'i'le 
ovm.  the*  tar.'^parai.u.ro  range  1000-1250'^  is  0.7  welt'-hi::  of 

M. . 

3.  I^oiaiR  on  the  aolioue  in  aOiIoys  of  t  it^n-lsun  th 
lO-SO/ii'  Fi  x*fere  deterrDinefl.,  and  a  (.hiiaiTfe  dingrs'M  cf  the 

qv)  mi  hi  nary  sy-’terj  TlC-ITi  wac!  draAsT:'!, 

4.  The  PGctlons  TiO-C'r  end  TiC-Mc  are  queaihinary . 
6,  The  phf'ie  fields  in  the  system  Ti-C-hc  found 

in  tn-f  vcric  cf  A3h“rt  and  ITorton  (Pef  2)  are  incorrec-T, . 
ycre  accurate  experimental  inveetlgatlons  are  required 
in  order  to  establish  the  boundaries  of  the  phase  fields 
of  the  system  Ti-C-Me. 
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Al  INVBffCIOATIOK.  OF  THE  PRIMSlPLaS  IN  '.IBRATIOS  PRESSING  OF 
FOWDEii  METAL  MATERIALS 

[Foll#wt^  is  the  trsBSlation  of  an  artiels  by  K,  S. 

Oor^vmv,  X«  Q»  Sbatalova,  V.  1,  Llkbtnukn,  aai  p,  A. 

RAliulsr  in  the  Rusedaa-languags  beok  fifll-y^vajiiyt 

(Reeeareh  ok  .F.u/raotorjr  Alloys), 

Selonoos  Pr6as»  Moscow,  I962, 

pp  163-110, J 

In  the  Soviet  Union  at  the  present  time  a  new 
Tsraneh  of  industry  --  powder  metallurgy  —  ie  growing  at 
a  rapid  rate.  The  methods  of  powder  metallurgy  aro  used 
in  the  production  of  many  maohlne  parts*  friction  ond 
anti-friction  materials ,  copper- graphite  coinpounds* 
nagnetio  materiale*  and  products  of  the  refractory  and 
particularly  of  the  hard  matoriala.  This  method  consists 
■basically  of  the  follov/ing  technological  steps? 

1)  preparation  of  the  powders,  2)  pressing  of  the  bri¬ 
quettes,  3)  sintering  of  the  briquettes. 

When  It  is  neceesary  to  produce  compacted  ps’oducts 
from  powders  a  high  and  uniform  density  of  the  briqueittss 
throughout  their  volume  is  required.  The  existing  aiethods 
of  forming,  such  as  static,  hydrostetie,  plasticized 
billets,  jet  extrusion,  rolling,  hot  pressing,  and  others, 
cannot  satisfy  all  the  requirements  Imposed  on  the  prsssed 
billets  or  the  final  product.  The  fundamental  taok  in  the 
pressing  of  metallic  powders  is  the  attainment,  of  a 
definite  density  and  strength  of  the  soml-prooeseed  jsatsrial 
which  will  permit  further  technological  oparetlons  and  will 
ensure  the  required  operational  qualities  of  the  product, 
\/hen  using  povRiers  of  xhe  soft  and  plastic  metals 
it  is  easy  to  control  the  porosity  and  strength  during  the 
pressing  process  by  plastic  deformation  of  the  powder 
particles.  In  this  case  neither  the  granulometric  com¬ 
position  of  the  powder  nor  ihe  condition  or  relief  of  the 
surfaces  of  the  particles  will  play  a  decislvs  role  in 
establishing  the  meohanicel  properties  of  xhe  semi- processed 
material,  'But  the  situation  Is  quite  different  for  the 
powders  of  the  hard  and  brittle  alloys.  The  articles  cf 
those  powders  do  not  have  the  capability  of  plastic  defoxm- 
atlon  and  consequently  the  density  of  the  oompaet  is  de¬ 
termined  only  by  the  mould  filling  conditions  and  are  only 
very  slightly  dependent  on  the  preseing  pressurs,  as  long 
as  it  does  not  lead  to  fracture  of  the  particles, 

V.hen  the  volume  of  the  mould  is  uniformly  filled  the 
density  of  the  compact  is  critically  dependent  on  the  gran¬ 
ulometric  state  and  reaches  a  maximum  for  semi- dispersed 
powders  When  the  smaller  particles  are  distributed  in  the 
spaoee  between  the  larger  particles.  However »  the  optlauai 
diatvlbutlon  of  tha  partlolaa  In  tha  voIwm  of  the  aould 
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cannot  1)6  obtained  "by  aiisplo  otatie  boBjp’"efe8ion  and  the 
porosity  of  euoh  eospaots  Is  always  far  frcra  the  optimura 
^hioii  corresponds  to  the  correct  (nost  dense)  arrangement 
of  the  partioles*  The  opnatruotlon  industry  has  long  used 
modern  methods  for  ths  ooarpaoting  of  materials  with  the 
aid  of  the  low-frequenoy  rihrating  effect.  Thie  method  ie 
rery  effective  and  providaie  a  maximum  density  of  arrange* 
went  which  la  close  to  the  theoretical  value  calculated 
from  the  granulometric  oomposltton  of  the  powder*  The 
mechanism  of  the  favorable  effect  of  low-frequency  vlhra- 
tlcns  on  the  ocmpaoting  proeeas  llee  in  the  fact  that  the 
vibration  destroys  the  initial  point  eontaete  which  occur 
ani  thus  leads  to  a  more  dense  arrangement  of  the  particles 
of  the  powder.  These  phenomena  whioh  aecompany  the  pro- 
0858  of  vibration  compacting  must  be  present  even  at  very 
low  pressing  pressures  and  consequently  will  not  be 
accompanied  with  fracture  of  tha  paftlelee.  Thie  is 
especially  important  for  the  powders  of  the  hard  and  brittle 
materiale. 

As  we  mentioned,  there  are  teohniquee  for  the  com¬ 
pacting  of  materiala  by  use  of  vibrating  equipment 
(Hcfs  1,  4).  Vibration  is  used  for  oompaet  laying  of  con¬ 
crete  solutions  with  various  flllsrs  (Refs  iB,  3)  and  for  th<3 
compacting  of  suhgrads  and  surfaces  of  highways,  etc.  Baeed 
on  this  experisnos  we  might  expect  that  metallic  and  ncn- 
melailie  powder e  could  also  be  suoeeesfully  formed  using 
vibration  teohniques  (Ref  4). 

This  paper  covers  ths  investigation  of  the  px'ooess 
of  the  vibration  ocmpaotion  of  several  materials  in  powder 
form.  The  vibration  source  used  was  a  mechanical  vibrator 
of  the  1-116  type  hating  a  frequency  of  14,000  eycles/min 
and  kinetic  moment  of  0.065  3cg-om.  The  vibrator  was  mounted 
on  springs  and  developed  eoplitadeji  as  high  as  30  microns. 
The  maximum  amplitude  developed  by  this  type  of  vibrator 
Vlnm  moxmted  on  unoompressed  springs  is  10  microns.  As 
the  spring  compression  la  Incr eased  the  vibration  amplitude 
Increases  to  30-40  microns  and  then  drops  sharply  to  10-15 
microns  with  a  subsequent  mere  gradual  reduction.  Vhen 
p3)?ssing  powders  of  various  materials  the  magnitude  of  the 
change  in  the  vibration  amplitude  as  a  fiinotlon  of  the  com- 
P3’«>s8ion  of  the  spring  (and  consequently  of  the  pressure  on 
the  ecnpact)  la  variable  but  the  pattern  of  the  change  was 
the  seme  for  all  of  the  materials  studied. 

In  order  to  dete^3nolne  whlob  materials  are  best  sulked 
to  the  vibration  cotnpaetion  method,  15  different  powders 
wiu's  used;  four  metals,  two  oarbldiae,  six  mixtures  of  a 
carbide  with  a  metal,  one  nitride  and  two  borides.  A  oom- 
pa3;'isen  was  made  of  static  end  vlbzmltion  metheda  ef  compae- 


t.ton  and  the  roaults  are  presented  in  Table  1. 

A  cor,ppri»cn  of  the  magnitude  of  the  relative  d(?r.!iity 
of  the  compacts  produced  using  this  method  with  the  elantle 
modulus  of  the  powder  material  indicated  that  the  plastic 
materials  with  a  low  elastic  modulus  were  compacted  mere 
poorly  by  the  vibration  method  than  by  the  usual  static 
nathed.  For  materiaie  hs,vlng  an  elastic  modulus  from 
.'i5,000  tc  50,000  kg/mn"'  the  vibration  methcfl  cf  cf-mpaot Ing 
using  a  specific  pressure  of  up  to  KO  kg/cm*"'  produced  the 
aamo  density  as  did  thg  static  method  using  a  specific 
pr'^-ssure  of  1200  kg/cm".  Materials  with  eiastic  moduli 
above  60,000  kg/mm"  were  compacted  better  by  the  vibration 
metViod  then  by  the  static  method.  Thus,  the  application 
of  vibration  during  oempaotion  was  most  effective  with  the 
nonplastic  materials* 
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Uots.^P^g  is  the  relative  density  of  the 
vibrated  sample,  relative 

density  of  statically  compsoted  samples, 
i/jc  1«  the  density  of  the  ecmpect, 
g/cm^}  is  the  density  cf  the  conpaoted 
material,  g/om®. 


powder  material  _ 

elastic  medulua,  k|^9i**10^ 
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Fig  1  preeentB  che  variatica  of  the  density  of  the 
compacts  cf  cohalt  and  chrcmiuci  povdere  as  a  functinn  of 
the  pressure  on  the  powder  during  static  and  vihraticu 
oompoction,  TVie  c  jbalt  povc,c/jr»  which  is  eapahla  of  plastic 
deformation  under  pressure  without  fracture  of  the  particles, 
produces  better  density  when  using  the  static  method  cf 
ooinpaction.  For  the  less-plastle  ohrcinluta  pcvder  the 


(2)  pov.'ders  as  a  function  of 
pressure  and  method  of  pres¬ 
sing;  upper  curve,  static 
lov/er  curve,  vibration 
(moistening  agent  ta  a  6^ 
acluticn  cf  glyoerine  in 
inethariCl,  Ig  om^  per  100  g) 
p»  kg/ca*' 
d,  g/CB^ 


of 


Oo 


tungsten  carbide  and 
as  a  function  of  pressure  and 
method  of  compo.cSion;  1 
static,  2  -  vibration, 

3  -  hydrostatic  (rngistening 
Bgent,  water,  7  cm'^  per  100  g) 
la  -  static,  2a  ~  vibration, 

3a  -  hydrostatic  {moistening 
agent  is  a  6^  solution  of 
glycerine  in  methanol,  10  cm* 
per  lOOg)  _ 

®  P»  kg/cm*^ 

(D  d,  g/ca® 


vibration  method  provides  a  higher  relative  density  th*_n 
v;ith  the  two  ether  powders  but  it  is  still  leas  effective 
than  the  static  method,  particularly  if  vre  consider  that 
for  pressures  above  ISOO  kg/em^  the  density  of  the  chromiam 
compacts  is  significantly  increased  v/ithout  fracture  cf  the 
hrlQuetts  after  removing  it  from  the  mould* 
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Cxirves  1-3  of  Pig  2  present  the  variation  of  the 
density  of  the  compaots  prepared  frosi  e  povder  of  a 
Bsixture  of  tunsten  carbide  and  20$!;  by  weight  of  Co  as  a 
function  of  the  specific  pressure  during  compaction  by 
three  methods i  vibration,  static,  and  hydrostatic.  It 
was  not  possible  to  obtain  ccmpacts  of  tungsten  carbide 
which  were  "transportable*  without  the  use  of  a  moist sning 
agent  so  that  there  is  no  data  on  the  variation  of  density 
as  a  function  of  pressure  for  that  method.  The  most  plastic 
material  is  a  mixture  of  powders  of  tungsten  carbide  and 
205^?  by  weight  of  Go.  It  was  less  affected  by  the  vibration 
method  of  compaction  than  the  carbide  but  in  order  to 
obtain  a  mixture  density  of  7.3  g/cm*  using  the  static 
method  a  pressure  of  1200  kg/om~  was  required .while  the 
vibration  method  required  only  about  15  kg/cm*. 

This  difference  beoomee  especially  important  when  it 
is  necessary  to  press  products  of  complex  shape  from  this 
mixture.  The  use  of  high  pressures  leads  to  cracking  of 
the  compacts  in  the  areas  of  sharp  changes  in  profile. 

The  same  is  true  of  a  mixture  of  tungsten  carbide  and 
by  weight  of  Co  in  powder  form,  For  a  mixture  of  tungsten 
carbide  and  by  weight  of  Co  the  vibration  method  pernilte 
the  production  of  higher  densities  than  with  the  static 
method  singe  the  application  of  specific  pressures  above 
3000  kg/om*  in  the  static  method  leads  to  fi*ecture  of  the 
compaots  of  any  shape  after  removal  from  the  matrix.  It 
is  not  possible  to  obtain  a  density  of  9  g/cm^  using  any 
lower  pressures  in  the  static  method  while  this  density 
may  be  achieved  using  the  vibration  method  at  specif ic 
pressure  of  27  kg/cm'-.  This  effect  is  even  more  marked  for 
the  pure  tungsten  carbide  powder  (Fig  3,  curves  la,  2a). 

The  density  of  9,45  g/cm®  obtained  by  the  vibration  method 
at  8  pressure  of  3  kg/cm^  cannot  be  obtained  even  at 
pressures  above  ISOO  kg/cm2  without  vibration, 

Ve  investigated  the  variation  of  the  density  of  com¬ 
pacts  prepared  from  mixtures  of  the  hard  alleys  of  the 
types  T30K4  (96^TiW  1 4$fCo)  ,  T15E6  (445gtiV+ 50^C  f-ejfCo) , 
and  T5K10  (15$?T1V+ 75‘«VC  lOJ^Co)  as  a  function  of  the 
specific  preseure  during  compaction  by  various  methods. 

Mixtures  containing  a  hi^  percentage  of  cobalt  axe 
less  effectively  compacted  by  the  vibration  method  than 
mixtures  with  smaller  cobalt  content.  The  quantity  of 
titanliun  carbide  exerts  the  most  influence  on  the  modulus 
of  elasticity  in  the  listed  mixtures  but  the  capsbillty 
to  undergo  vibration  compaction  is  still  determined  by  the 
quantity  of  the  most  plastic  component  —  namely  cobalt. 

For  all  three  mixtures  the  static  and  hydrostatic  methods 
ualng  specific  pressures  as  hl^  ?.s  1200  kg/ca^  vas  not 


aisle  to  produce  thf;  d-j.islty  olstsin-rd  l>y  the  Tlbration 
method  at  a  pr>Bii-cvro  of  12  kf/cm-',  other  oondltlene  being 
equal. 
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Pig  ?4  'Of?i..-ity  of  coispacts  prepared  from 
tungsten  oerMde  and  zirconium  boride  as  a 
function  of  Ihe  pressure  and  method  of 
pressjj  ngs 

la  -  3a  -  vibration  (moistening 

agent  is  vat or »  3  em^  per  100  g) 

1  «  siatic.  2  «  vibration  (moistening 
agent  is  *v,"*j.cr»  10  cm®  par  100  g) 

®  P» 

®  d,  g/c'.a’' 

In  view  of  iho  poor  pressing  charecteristivos  of  the 
boride  ard  nitride  rowders  it  vas  of  interest  to  i.nvo;^tlfciate 
their  pressing  the  vibration  method.  Curves  1  and  2 

on  Pig  3  present  the  variation  of  the  density  of  compacts. 
of  zirconium  carbide  as  a  function  of  the  specific  pressure 
during  static  ard  vibration  compaction  and.  these  curves  are 
typical  of  those  of  the  ether  matsxlals  of  this  gi*oup«  The 
position  of  the  civrvee  indicate  that  the  vibration  method 
permitted  the  r'^ductlon  of  the  pressure  by  a  factor  of  7C 
to  100  times.  In  addition,  "transportable"  ccinpacts  v/ere 
obtained  from  all  of  the  powders. 

The  pewde^ra  which  are  well  cempaoted  by  the  vibration 
method  do  not  reqv, ire  a  long  period  of  vibration  to  attain 
the  maximum  density.  The  variation  of  the  density  of  the 
compacts  as  a  function  c-f  time  is  presented  on  Pig  4.  As 
can  be  seen,  a  rapid  but  not  large  increase  in  density 
during  the  first  3  seconds  of  vibration  and  a  subsequent 
slow  rise  in  density  to  the  maxlBnim  value  is  char  act  eristic 
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of  the  plastic  powders.  A  sharp  rise  in  dsnaity  during  the 
first  3-5  soeenAs  (80-90^  of  the  to  cal  rise)  and  a  sub- 
SBcuent  small  rise  to  the  maxiraun  value  during  about  1C 
seconds  is  typical  of  the  nonplastiq  powders.  Pu'^ther 
Tibration  will  not  lead  tc  increase  in  the  density.  The 
shape  Of  the  density  —  tiae  curvee  as  a  function  of 
the  compacting  pressure  show  that  for  all  pressures  in 
order  to  attain  the  waximin!  den.;lty  of  compacts  of  a  inix- 
ture  of  94^  by  weight  of  VC  and  6^  by  v eight  of  Co  the 
same  vibration  time  ie  necessary. 

The  density  cf  the  compacts  obtained  by  vibration 
corapacticn  are  significantly  dependent  on  the  moistening 
agent  and  the  quantity  used.  If  v?e  ccmpare  curves  1  and 
la»  curves  2  and  2a  in  Pig  2  the  following  v;lll  be  noted. 

In  compaci  ion  of  a  mixture  VK-SO  (80^>7C -^PC^SCo)  by  the 
vibration  method,  replacement  of  the  water  hy  a  6?'  solution 
of  glycerine  in  methanol  leads  to  an  increase  in  depeity 
from  7,37  to  8,27  g/car  at  a  pressure  of  15,2  kg/cnj'^  in 
comparison  to  a  rise  from  7,34  to  7,85  g/cm*  at  a 
pressure  of  1200  kg/cmr  using  the  static  method.  Thus,  the 
lubricating  action  cf  the  glycerine  during  the  vibration 
method  has  much  more  effect  than  in  the  static  method. 

By  selection  of  the  moistening  agent  it  is  possible  to 
significantly  improve  the  pressihillty  of  the  pcv^ders  using 
the  vibration  method  of  compaction  and  as  a  result  the 
vibration  method  becomes  even  more  efficient  (Ref  5), 

For  ell  of  the  powders  studied  an  increase  in  the 
density  of  the  compacts  was  noted  for  an  increase  in  the 
quantity  of  the  moistening  liquid  (Pig  5)  up  to  a  certain 
maximum  vhich  is  well  defined  for  each  powder,  Vith  an 
increase  in  the  compacting  pressure  t’is  maximum  shifts  in 
the  direction  of  a  lower  moisture  content.  If  the  density 
of  the  compact  ie  less  than  50?^  of  the  original  pov/der 
the  definite  relationship  of  the  density  and  mcisture  con¬ 
tent  is  not  observed. 

The  ineasureraente  made  of  the  amplitude  of  vibraticu 
at  varying  specific  pressure  of  ccmpaction  for  the  different 
powders  led  tc  the  discovery  of  a  relationship  between  the 
specific  pressure  on  the  pov’ders,  the  amplitude  of  vibra¬ 
tion,  and  the  density  of  the  compact .  Assuming  that  the 
density  veries  in  direct  propcrticn  to  the  frequency  of 
vibration,  the  speoifio  pressure,  and  the  amplitude 
(within  the  limits  of  pressure  and  amplitude  used  in  vi- 
braticn  compacting)  we  can  find  a  compaction  factor  v.hich 
to  a  certain  degree  characterizes  the  intensity  of  the 
effect  of  the  vibrator  on  the  powders.  The  results  of 
such  a  vathsnatleal  analysis  of  the  data  for  five  different 
materials  is  presented  in  Table  2.  The  vi%reoompaction 


Fig  4.  Density  of  ocmpacts 
as  a  function  of  compacting 
time  for  powders  of  ^a) 
tungsten  carMds#  (t); 
zirconium  toridt*  (e) 
titanium 
d» 

tlMf  t«o 


Pig  8.  Density  of  compacts 
of  a  mixture  of  tungsten 
carbide  and  Co  powders 
as  a  function  of  the  moisture 
content  of  the  powders  for 
▼ibratlon  presslngt 

1  •>  6^  solution  of  glycerine 

in  methanol 

2  -  water 
d,  g/cm® 

moisture  content,  ^  by 
weight 


factor  ^  is  calculated  as  the  product  of  the  number  of 
oscillations  of  the  vibrator  per  minute,  n,  the  specific 
pressure  in  kg/cm^,  and  the  amplitude  of  the  oscil¬ 
lation  of  the  lower  end  of  the  plunger,  A,  in  cm,  as  found 
from  the  magnitude  of  the  acceleration  measured  by  an 
instrument  of  the  PHJ-1  type. 

Prom  the  data  of  Table  2  it  Is  clear  that  the 
variation  of  the  magnitude  of  p  is  in  good  agreement  with 
the  variation  in  density  as  a  function  of  specific 
pressure  in  vibration  compaction*  Per  any  one  of  the 
eeifiaete  ean  read  the  Sadicatiea  of  tlie  eeeelerometer 
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afl!  a  funotion  of  th®  apaeific  proaeure  oa  the  powder  and  we 
oan  find  the  optiinom  preoenre  for  vibratien  compaction  of 
the  giren  powder. 

Tine  poealhillties  of  the  use  of  the  rihraticn 
technique  in  the  preparation  of  parte  from  the  nieta3 looeranjlc 
material 3  and  refractory  metals  are  of  great  intex'set* 

Table  3  present  the  rariation  In  density  of  compacts  made 
from  8.  po'.vder  of  the  mixture  VK-20  (8C?JVC>/' SO^'Ca)  a«  a 
function  of  the  moohanlcal  properties  of  the  vibrator. 

The  data  of  Table  3  show'  tViat  as  the  kinetic  moment 
incre&Boe  from  0.065  to  0.56  kg-ea  the  density  of  the 
ocrapaet  inereaeea.  However*  the  most  powerful  of  the 
available  vibrators  is  inadequate  to  compact  as  riiuch  a.B 
60-70^  of  a  part  v^hich  is^SO-lOO  mm  tall  and  h.a«  a  cross- 
aectitnal  aicee  of  5-10  em^.  This  means  that  at  the  pr^isent 
time  and  using  available  equipment  for  vibration  cOiLCpaoting, 
we  have  the  capability  of  pressing  by  this  new  method  parts 
with  heights  to  20  mm  and  areas  up  to  10  cm^.  Hxiating 
vibrstors  for  the  cempaotion,  of  concrete  aggregates  have  a 
kinetic  moment  of  SO-30  kg-cm  but  their  frequency  is  leas 
then  6000  cycles  per  min  and  the  amplitude  is  too  great 
for  powders  v<'ith  particles  of  10  microns  and  smaller. 
Hxperienoe  in  the  compaction  of  concrete  aggregates  has 
also  shown  that  for  aggregates  with  small  particles  the 
optimal  frequenoy  la  6,000  to  30,000  oyolae  per  min  and 
has  indicated  tVie  harmful  effects  of  large  amplitudes. 

Our  investigations  have  shown  that  more  powerful 
vibrators  having  higher  frequencies  (10,000  to  20,000 
cycles  par  min)  and  specially  designed  vibration  pressea 
are  required  for  the  wide  applioatioh  of  Ylbratien  compac¬ 
tion  to  the  metallooeramic  and  refractory  powders. 
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CERTAIN  PROBLa'iS  IM  TfCE  THECRI  Of  THE  THERKAL  SHOCK  RESISTAHQS 
OF  POWDER  METAL  MATERIALS 

LFolioTvifti'T  is  the  translstion  of  an  article  by  K.  Yu., 
B«l*sbtn,  and  V,  I,  Likhtman  in  the  Kuasian-language 
beok  Issledovanlva  po  Zharoproehnvn  Splavaa  (Research 
en  Refractolry  Alloys)',  Voi  8',  lisa  Aeadwy  of  Sciences 
Press,  Moscow,  1962,  pp  110-116. J 


T>ie  improved  thermal  3hock  resistance  of  powder 
metal  raateriais  in  ccmpariaon  v/ith  cast  materiels  of  the 
same  composition  has  been  noted  in  numerous  works 
(Hefs  1,  2,  J5).  This  paper  Is  devoted  to  a  more  detailed 
invest iipat ion  of  the  nature  of  "he  t'aermal  shock  resistance 
of  the  pov/der  metal  materials  and  the  factors  bearing  on 
the  magnitude  of  this  quantity. 

Tirst,  it  should  be  noted  thar  the  thermal  shock 
resistance  is  a  property  of  the  end  products  and  not  of 
the  materials  themselves.  It  is  difficult  to  find  any 
other  property  as  critical  in  structural  design  as  thermal 
shock  resistance.  Thermal  shock  resistance  is  defined  as 
the  ability  of  a  material  (more  precisely  the  products 
mode  from  this  material)  to  withstand  cracking  during 
several  cycles  of  temperature  ch''nge.  Under  identical 
conditions  of  thermal  cycling,  a  large  p?rt  will  be 
subjected  to  more  aigniflcant  temperature  differences 
in  various  sections  than  will  a  small  part.  Tot  this 
reason  the  tensions  caused  by  the  temperature  differences 
will  also  he  greeter  in  a  large  part  so  that  under  identical 
thermal  cycling  the  large  pert  will  inevitably  have  more 
tendency  to  cracking  than  a  small  part.  For  example,  in 
one  of  our  series  of  experiments  the  increase  in  the 
diameter  of  a  cylindrical  sample  by  25%  (from  12  to  15  ram) 
led  to  a  considerable  decrease  in  the  thermal  shock 
resistance  of  the  material  which  contained  Cr3C2,  TiC,  and 
graphite. 

During  the  temperature  cycles  which  Involved  rapid 
heating  to  1200°  and  quenching  in  water,  the  smaller  samples 
withstood  17  cycles  before  developing  cracks  vAiile  the 
large  samples  withstood  405^  fewer  cycles.  The  initial 
electrical  resistance  of  cylinders  made  from  TiC-Cr3C2 
having  a  diameter  ef  12  mm  and  a  height  of  18  mm  after  4 
cycles  (rapid  heating  to  1000°,  quench  in  water)  had  in¬ 
creased  by  7.3?  times  while  cylinders  of  the  same  material 
having  a  diameter  of  15  mm  and  height  of  22  ram  had  ex¬ 
perienced  an  increase  of  10.5  fold.  In  this  case  an  in¬ 
crease  in  the  dimensions  led  to  a  decrease  in  the  thermal 
shock  resistance.  It  should  be  noted  that  in  all  the 
experiments  the  larger  parts  Invariably  had  lower  thermal 
shook  resistance  ss  shown  by  cracking  and  failing  after 
oyelta  '’nd  by  a  fvester  Increase  in  the  initial 


eleotrioal  resiatanoe  par  oyela  (a  reduotion  of  the  initial 
oontaot  Burfaoa  batwaen  tha  atruotural  elanenta)* 

The  ahapa  factor  Vhioli  influaneea  tha  ooneaatration 
of  atreaaaa  and  tharafora  the  thenoal  raalatanca  waa  foxmd 
to  ha  quite  algnifioant.  7or  axamplOf  tha  rounding  of 
aharp  adgea  of  tha  oylindara  alMnya  lad  to  an  inoreaaa  in 
the  thermal  ahook  raeietauoa  of  tha  aamplaa*  Evan  in  tho 
oaaa  of  identical  atraeeaa  oausad  hy  tha  oyolic  Tariationa 
of  temparaturaf  tha  larger  parte  should  ha  lesa  resistant 
to  thermal  shock* 

Let  US  oonsldar  the  ease  uhera  tha  part  undergoes 
a  reTarsihla  deformation  in  some  diraotion  of  f  0*1^  under 
sharp  cyolie  temperature  ohanges*  If  the  dimenalon  of 
the  body  in  this  direction  la  10  ttm»  then  the  total  da> 
formation  in  this  direction  will  he  ±  10  miorona*  Thus* 
tha  rereraihle  deformation  in  the  body  may  become  Ir- 
rererslble  if  a  crack  with  a  lateral  dimension  of  10 
microns  la  formed*  As  a  rule  the  cracks  due  to  cyclic 
temperature  changes  are  formed  batvaan  the  stsnictural 
elamenta  of  tha  material  and  not  within  them.  This  is 
particularly  true  of  powder  materials  having  ineomplata 
mutual  contact  between  tha  structural  elements*  If  the 
dimension  of  the  structural  elements  in  tha  body  under 
oonslderation  is  1  mieron»  than  tha  conditions  favor  the 
formation  of  inter*partiele  cracks  (the  total  deformation 
is  10  microns  and  tha  thermal  shook  resistance  of  the  body 
will  be  negligible)*  However)  if  tha  dimension  of  tha 
structural  elements  were  100  microns  than  the  formation 
of  inter-particle,  cracks  would  be  more  difficult  and  the 
thermal  shock  resistance  of  tha  body  would  be  considerably 
greater*  If  the  body  dimension  is  1000  anS)  tha  deformation 
per  cycle  would  be  t  1000  microns.  In  this  oase  even  if 
the  dimension  of  tha  structural  elements  is  100  microns 
inter-particle  cracks  may  easily  be  formed  and  tha  thermal 
shock  resistance  of  tha  body  will  be  vary  low* 

ThuS)  the  thermal  shock  resistance  of  a  body  will 
increase  to  a  certain  degree  with  a  decrease  in  the  body 
dimensions  and  will  increase  with  an  increase  in  the 
dimensions  of  the  atruotural  elements  of  tha  body*  This 
body  dimension  relationship  always  hold  true  regardless  of 
the  absolute  dimensions  of  the  body*  In  regard  to  the 
structural  elements  of  the  body)  the  Increase  in  thermal 
shock  resistance  with  increasing  dimensions  of  the  struc¬ 
tural  elements  is  valid  only  up  to  certain  limits*  In  the 
ease  of  very  large  structural  elements  failure  under 
thermal  cycling  may  occur  within  these  elements  Whieh  leads 
to  their  diTtsiea  into  smaller  struoturai 
htftnnlBf  9m  siss  a|  flM 


cycling  causes  failure  vithin  the  structural  elements 
rather  than  hetween  thsin»  further  increase  In  the  cUiaensicns 
of  tha  stractural  units  is  not  helpful.  Korecver,  it  may 
“oe  harmful  for  the  follov'ing  reasons t 

1)  fracture  of  the  structural  elements  may  he 
acccinpanied  hy  s  definite  orientation  of  the  newly  formed 
smaller  elements  in  accordance  v'ith  the  temperature  gradient 
v/hlch  may  seriously  reduce  the  thermal  shock  resistance} 

2j  the  hond  hetv/een  the  large  structural  particles 
in  many  casec  Is  v/eaker  than  that  hetv.'een  the  smaller 
particles  and  increases  the  tendenc3''  to  cracking; 

3)  the  thermal  shock  resistance  is  further  reduced 
hecause  of'  the  coarsening  of  the  pores  during  the  increase 
in  the  dimensions  of  the  structural  elements. 

Thus,  there  is  a  definite  size  of  the  stri'ctural 
elements  helov  which  an  increase  in  dimensions  (either 
simple  or  complex)  leads  to  an  increase  in  the  thermal 
shock  resistance  of  the  material  and  shove  which  an  in¬ 
crease  in  dimensions  causes  degradation. 

The  follov;ing  basic  factors  leading  to  significant 
improvement  in  the  therme,!  shock  resistrnce  cf  the  powder 
Tcetvsls  in  comparison  v;lth  the  case  metals  should  he  noted, 

1)  the  structural  element?  of  the  powder  netf-  ls 
f'CEsess  “indivicluel"  chfract-eristics  to  a  signlf leant Ij’- 
higher  degree  than  the  grains  cf  cast  metals.  T'^is 
Improves  the  resiet-^nce  of  the  material  to  cracking  under 
deformation  -^nd  consequently  improves  the  thermal  shock 
resistance.  Tor  example,  a  stack  of  unglued  paper  stieets 
mey  he  easily  hent  without  ajiy  failure  v/hile  the  sane 
stack  cf  well-honded  sheets  v'ill  fail  '..hen  hent. 

2)  in  P.ef  1  it  v/as  shown  that  finely- dispersed 
pores  c.f-n  increese  the  thermal  shock  resistance  and  that 
fine  spherical  pores  are  particularly  favcr'hle. 

3)  the  possihillties  of  regulating  ^he  structure 
in  oast  metals  is  much  more  limited  than  in  the  pcv.'der 
metals.  For  example,  the  structural  elements  in  the 
pev’der  metal  materials  can  he  either  simple,  as  the  grains 
of  the  cast  metal,  or  complex. 

These  complex  structural  elements  are  aggregates  of 
particles  v?hich  may  in  turn  he  subdivided  into  grains. 

There  are  definite  advantages  to  the  production  cf  powder 
products  from  these  complex  structural  aggregates  r.^ther 
than  from  particles.  The  pores  hetv'een  these  coarse 
structural  aggregates  are  sma.ller  than  those  between  simple 
particles  cf  the  same  dimensipns  and  the  strength  of  the 
bonds  between  these  aggregates  is  greater  than  between 
particles  of  the  same  else.  The  strength  of  the  bond  between 
the  pertiolss  within  th#  aggregate  are  as  a  rule  greater 
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t'a«i,a  betwoen  simp  Is  p.Ta*t- 
iclee  of  the  same  siias 
(for  Identical  conditions 
of  preparation  of  the  part). 
There  are  aaveral 
tjrpag  cf  such  aggregates. 
Squiaxed  aggragatea  of 
partio'es  (granuiois)  were 
first  des-erihed  by  one  of 
the  aiithors  in  1?»38  in 
F.ef  4 .  Another  type  is 
that  of  the  ficroua 
aggr agates  wliich  can  he 
obtained  the  processing 
of  plasticized  vcixiurv’S  of 
powders  in  special  cen^ 
trifugea  (Ref  6)  or  by 
extruding  trie  plar;.t.i.c.i£ed 
mixture  through.  3  filter} 


a  meat  .grinder 
deyice,  etc. 
type  is  sheet 
pie.oticized 
li'rojn  such  sheoi 


powder 
•it 


sort  of 
}.e  thlid 

vK 

dig  1). 

is  p03-' 


T’lg  1 .  A  sample  of  aggregeted 
sheet  (parallel  to  the  axis 
of  forming)  (xlO) 


It 

resistant 


is 

to 


Bible  to  form  products  by 
simple  winding' of  the  sheet 
v/ith  subsequent  a,?.nt9r.i.ng} 
by  cold  pressing,  after 
winding  and  Inter  sintering, 
or  by  hot  pressing. 

known  that  a  thin^'Wai  i.od  shell  is  niucf!  more 
1  shock  than  0  tbick-valled  evlinder, 
vhe  struoture  of  the  sheet  shc-./n  in  fig  I  is  &.  sort  of  e 
thick- walled  cylin.ier  consisting  of  more  or  less  .i,ndivid~ 
ua.:.ly  sepors.ted  tbiri-\/a.lled  shells.  Material  with  such 
a  structure,  as  night  be  expected  from  theoreticol  oon- 
siuor- tlon.’-'s  ''na  03  has  been  demo.nstrcted  by  our  experiments, 
is  Tnudimorc  resisto.tst  to  theriA&l  shock  than  the  uousl 
rowder  or  cast  msterials. 

Thus  the  methods  of  powder  metallurgy  present  great 
possiblities  for  the  control  cf  the  structure  which  may  be 
looked  upon  as  a  sort  of  "internal  fra,mewc;rk"  0-"  the 
product , 

In  our  work  ve  did  not  attempt  to  .Investigate  the 
influence  of  the  composition  on  the  thermal  shock  resis¬ 
tance.  Hev/ever,  the  experiments  were  conducted  v/ith 
matexiels  h.evlng  different  ecmposltions  in  order  to  con- 
rirtn  whe  generality  of  the  relationships  derived.  In  order 
to  reduce  the  time  required  for  the  experiments  the  coa- 
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positions  inclrided  some  haring  low  thermal  shock  resistanos 
Table  1  presents  the  mean  results  of  the  experiments 
on  the  effect  of  the  degree  of  aggregaticn  of  material  in 
e!;uiaxed  granules*.  The  initial  particle  dimensions  were 
of  the  order  of  a  few  microns.  The  material  was  mixed  in 
methanol  in  a  hall  mill  for  a  period  of  36  hours.  After 
drying,  part  of  the  meterlal  v^as  subjected  to  direct  hot 

J  res sing  in  cylinders  of  15  mm  diameter  and  12  ram  height. 

oother  part  was  mixed  v;ith  a  solution  of  rubber  in 
benzene  in  order  to  obtain  granules  of  the  necessary  di¬ 
mensions.  Part  of  the  granules  were  subjected  to  a  pre¬ 
liminary  annealing  at  IdOO©  for  3  hours.  All  the  materiale 
were  subjeeted  to  hot  pressing  at  under  a  pressure 

e:f  50  kg/e«*. 

Table  1 

TlC-CrsCs-Graphlte,  mixed  for  36  hours 
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^  granule  dimension  In  microns 
ra  unsintered  granules 
®  sintered  granules 
ffi  specific  weight 
®  number  of  teTaperature  cycles 
®  non-granulated  particles  up  to 
^  incomplete  cycle 
A  ©  from  1200°  into  water 

Table  1  shove  that  the  non-granulated  form  of  the 
material  had  no  thermal  shock  resistance.  Granulation  cf 
tVie  material  increased  the  thermal  shock  resistance  by 
10-35  times,  or  more  than  an  order  of  magnitude.  There  is 
tm  unclear ly  defined  optimum  granule  size  at  about  160 
microns.  The  better  sintered  granules  had  a  thermal  shock 
resistance  from  1.1  to  2.6  times  higher  than  the  material 
formed  from  the  uns inter ed  granules. 
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Tal>le  2 

TlC-CrjCg-Graphits,  sinternd  granules, 
mixed  for  13  houv”* 
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®  granule  dimension  in  microns 

carbide  granules  not  subjected  to  vlbromilling 
®  carbide  granules  subjected  to  Tibromllling 
@  spec if Ic  weight 
@  nxiinber  of  temperature  cycles 

Table  2  presents  the  mean  results  of  the  effect  of 
■iribrctnilling  on  the  thermal  shock  resistance.  It  is 
olenr  that  the  preliminary  vibrotnilling  raised  the  therrooX 
ijhock  resistance  of  the  granulated  material  by  20-50?®. 

In  addition,  this  series  of  experiments  confirmed  the  data 
of  Table  1  on  the  favorable  influence  of  granulation  on 
shfi  thermal  shock  resistance. 

Table  3  presents  the  results  of  the  experlmente  on 
the  effect  of  the  homogeneity  of  the  composition  of  the 
granules.  In  this  series  of  experlmenta  two  types  of 
granule  were  compared:  1)  a  ViomcgenouB  composition, 

2}  a  mixture  of  TiC'f  CrjCs  with,  granules  containing 
graphite.  The  data  cf  Table  3  show  that  the  composition 
of  granules  of  the  first  type  were  30-40;j  more  resistant 
to  thermal  shock. 

Table  4  shows  the  favorable  effect  on  thermal  shock 
reel  at '-nee  of  extended  milling  of  the  initial  mixture  and 
Table  5  shows  the  effect  of  granulation  tnd  of  strength 
of  the  granules  foi'  a  composition  having  a  higher  resis- 
tarcQ  to  thermal  shock,  S iC-B4C- Graph it e .  The  strength 
of  the  granules  increases  progressively  with  increased 
Mciatcning  of  the  charge  with  benzine,  bonding  with  rubber, 
bending  with  bakelite,  and  sintering  of  the  granules.  It 
;l3  clear  from  Table  5  that  as  the  strength  of  the  granules 
Is  raised  the  resi-’tonce  to  thea'mal  shcck  of  the  compocition 
is  improved.  As  the  strength  of  the  granules  is  raised 
thsir  optimum  elc«  Is  raised.  For  example,  for  the  weakest 
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granules  obtained  "by  moistening  with  "benaine  the  optirauc 
thermal  ^ihock  resiatenee  ia  found  for  granules  of  160 
microns  while  for  the  stronger  (hondedj  granules  the 
optimum  is  at  315  microns ^  snd  for  the  strcngest  (aintered) 
granules  the  optimum  is  at  350  micrctis. 

Table  3 

T  iC-Cr3C2“  CJrp  it  e 


PiiiMCp  rpaBT.Tt.  MU 


1  iVi 
^oO 

75%  ii!i  Becy  S.W  it 
>»■>  Kofy  ItiO 


i'Miiyau  Tie  -f  Cr/'..  -- 

Q  +c 

1  oTae.ii.Mo  XiC  -i- 

''fjCi  '■'■r.xe-nna  C 

!  laono  ren.-io- 

^ 

i  Tenao> 

1 

3.-:i7  i 

10,0 

^  j 

i  S,7.4  1  7,0 

.v,St>  1 

1  :%«!*  !  fi,2 

i.2‘*  i 

11.3 

;  i  -7,6 

granule  dimension- in  niicrons 
granules 

granules  of  TiC+'CrsCg  and  separate  granules  of  C 
specific  weight 
temperature  cycles 

75J?  by  weight  of  350  and  25?^  by  weight  of  IfiO 
Table  4 

T  iC- Or  302- C-raph  it  e 


rpiiRT.T,  j 

i.-!  i.-.c. 

. . . 

r  .<  M40 

i 

r 

1 

.MK  j 

•IIICV' 

!V.u.;j^h5art 

I  '{ir.;io 

. . _ 1 

1 . 

jT»  II  j»«weii 

!  i,«i' 

[Yen.w.^cH 

1  flp 

Hi-  rpiiKy.-js-  1 

\ 

i  3,90 

i — fiP* — 

1 

0,5 

1  0,5.  ; 

ptiHuno  j''6)  i 
125  ^  i 

3, SI 

7.3 

1 

1  3,36 

'  i 

S,(,  i 

^^!iirnciibaitue 

160  j 

!  3,90  1 

9.0  j 

1  .!,6.i 

i  12,0 

i’p.lHyjili 

eoo 

3,8 

8,5 

3,64 

I  0 

313  1 

t  3,6 

.3,5  1 

3. 64 

1  10, .5 

350 

3,70 

6.0  1 

>•.  {-f 

1  9.(' 

3.30 

1  3,70 

5.0  i 

.1,71 

;  ",  J 

123 

1  3,63 

9,0  ! 

j  3,91 

j  12,0 

160 

3,65 

1  ft 

4.0 

J  s 

(<no«idBR(kfR  ipa- 

200 

4,0  i 

9,5 

3 

1  10,5 

315 

l:  3.S5 

11,0  1 

3.72 

I  n.ri 

350 

}  3,81 

10,5  j 

3.73 

1  Jl,5 

350 

3,81 

•S.o  1 

3,83 

1  to.. 5 

(£>  granule  dimension  in  microns 
milled  for  18  hours 
milled  for  3  hours 
specific  weight 
number  of  temperature  cycles 


r-niiarlcs 

not  granulated 
uns  int  er  ed  gr anu  le  s 
sintered  granules 
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Table  5 


3IC-B4C- Graphit  e 


.1 

(iU 

u 

1'  M'lhiM 

!luif 

fOOiJU 

i 

Oi)  Uifiii' 

f. 

y;ih  i 

.  yAi  .-iMiMft 

Mth.'l 

rt  ^ 

im  ^ 

w 

l.U  Men 

s>~ 

TCi»:nii  v«-n 

rr.' 

i,»f;  1 

2,  (Hi  i 

!  .  0"  ^ 

2,5 

i 

'  2.1:.'. 

'>  { 

l,y:.  i 

S 

!  j  f»'>  ! 

i  2.().i 

kOJ 

1,9U 

•5 

2.(n  1 

\  M" 

<2,K 

i:  s.  ■■ 

:ii5 

l.S‘2  i 

1  .'.0  1 

i»/.2 

KHS  ! 

i.'i..' 

1  ,()."> 

I'i.-y 

itSo 

2, <12  1 

L ,  w* 

2.M  ■ 

7 

!.  I 

11,2 

1  .(H 

IT  2 

)  grp.nujQ  dimension  ixi 

microns 

1 

j  mo 

istened 

w'ith  benai 

ne 

bonded  vdth  rubber 
bonded  v;ith  baJcelite  rarnisk 
@  sintered  g^^ranulee 
specific  weight 
number  of  temperature  cycles 


Table  6  presents  the  data  from  the  testing;;  of 
samples  of  unsintered  sheet  oriented  parallel  to  the 
axis  of  forming  of  the  sample  (?ir  l),  of  unsintered 
foils  oriented  perpendicular  to  the  axis  (Tip  2)»  and  of 
unslntered  granules.  The  resi-itance  to  thermal  shock  cf 
the  samples  foirmed  from  haTing  an  opex5  surf:  ce  and 

oriented  perpendicular  to  the  axis  of  forTning  v/ps  lev. 
The  samples  of  sheet  having  a 
closed  surface  snd  oriented 
parallel  to  the  axis  of  form¬ 
ing  had  the  highest  reistance 
tc  thrsritial  shock. 

Ve  also  compared  sam¬ 
ples  prepared  from  fibrous 
granules  v/ith  samples  fro®' 
aquiaxad  granules.  The  sam¬ 
ples  from  aggregated  fibre 
containing  TiC,  CrgC;:  and 
grephite  withstood  15  tem¬ 
perature  cycles  \f5ile  samples 
of  the  same  composition  with 
©quisx.ed  granules  witVistood 
only  11  cycles.  The  elec¬ 
trical  resiatanoe  of  samples 
prepared  from;  aggi-egated  fibre  tc  the  axis  of  formins-) 
incr eased  only  about  2/3  as  (x4) 

much  per  temperature  cycle  as 

did  the  resistance  of  whe  samples  prepsred  from  equiaxod 


Pig  2.  Sample  cf  aggra 
gated  foils  (pernendicu. 


■ar 
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granules . 

The  observed  data  are  in  agreement  with  the  general 
principles  of  physical  and  chemical  neehanice  developed  hf 
P.A,  Rehinder  in  P.ef  6. 


Table  6 


Tie  I  Cr3C2»  Graphite  in  une inter M  granules 


Original  material 

\ 

1  Mo  of  ten^) 

!  cycles 

Polls,  oriented  perpsendicular  to  the 
forming  axis  (Fig  2) 

3.76 

1' 

[  1.3 

Sheets,  oriented  parallel  to  the 
axle  of  forming  (Pig  l) 

3.91 

12.5 

Uniform  granules* 250  microns 

3.82 

8.7 

COHCLUSIONS 

1.  The  meohonlam  cf  the  thermal  shock  resistance 
of  the  pov.’der  metal  was  investigated, 

2.  Preliminary  granulation  (aggregation)  of  the 
pov/ders  significantly  increases  the  reeietance  to  thermal 
shock. 
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\a:f5co’Js  FLOW  im  the  srmtasG  or  pcwkbrs 

BY  HOT  PlfflSSIIJO 


{.Following  is  the  translation  of  an  artiftl*  by  M.  S.  . 

Koval ’chsnko,  uid  Q.  Y.  SOKsonov  in  tbo  Russian-language 
book  Issledovanlya  po  Zharoproohnym  Solavan  (Research  on 
>  Refractory  Alloys )V  v®i  6,  USSR  Ac ad^  of  Sei.mces  Press, 

Moscow,  1962,  pp  116-126, j 


,  The  gi'cwing  ppplicat ■* cin,  of  materials  cf  high  n:elt ing 
point,  extrema  hardness,  high  temperature  resirstence.  end 
resistant  to  the  action  of  various  corrosive  media  in 
numerous  are''s  of  modern  technology  is  rpl^^ted  to  the  uoe 
cf  the  refractory  metals  and  eewbinatioris  of  theaa  metals 
vith  nonmatals  ouch  as  carbon,  boron,  nitrogen,  and 
silicon  (carbides,  borides,  nitrides,*  s'nd  si licides) . 

The  high  melting  points  of  the  refractory  r.et&L.- 
and  rorercundn  «'s  veil  as  the  tendency  cf  some  of  them  tc 
dissociate  oocn  melting  leads  to  the  recuireinsnt  fc-r  pro¬ 
duction  in  the  form  cf  po'‘.'deTS  vitl:  the  eubsecvient  tr.'ir.s- 
forni*t?lon  into  comraoted  products  by  moans  of  the  pc'.;dei 
metallurgy  techniques.  There  are  two  basic  metheda  used 
in  this  process!  cold  pressing  of  billets  with  subsecnent 
3inte?'ing,  and  simultaneous  pressing  end  sintering  cf  the 
powders  (hot  pressing), 

'ihe  latter  tec'''nique  orcduces  a  fine-pore  product 
from  the  hlgb-trelting  point,  hci'd,  and  brittle  irctals 
and  compeundn  with  h  rdnimiim  expenditure  of  time  ('■.efs  1,2), 

As  shown  in  T-.ofa  3-6,  during  sintering  of  the 
powders  in  trie  eel  id  phase  there  is  vi&ocus  or  [.ia'-:tic 
flew  of  the  material  under  th?  action  of  capix.'-;ry  v.’  e'- 
siire  acting  ’within  the  pores  ecuai  tc  ,  where  is 

the  aurw"ace  tension  pcd  i  is  the  radius  of  the  pera.  A 
highp:r  rats  of  compa,ction  during  the  sintering  cf  uha 
po^;der.=  by  hot  pressing  in  ccmparlscn  *.'ith  convent  ional 
eintering  (v'ithcut  ex^smal  pressi.n'')  is  due  to  the  cap- 
ill '-ry'  pressure  being  sur-nlemented  ry  the  external 
ores  sure  (Pef?i  T,B). 

"'psed  on  models  of  clnnert  spherical  sep’-r-rpt ■^id  perea 
and  on  the  cendunions  of  the  plienonenr-logical  theory  cf 
sintering  cf  irocKsnzie  and  Shuttleworth  (lef  6),  the 
aut>'crs  cf  Pef  &  pr-  posed  -.he  fallcv;ing;  ecuation  for  the 
rate  cf  ccmpection  of  the  material  during  hot  pressing! 


vhere/0  is  the  relative  density  cf  the  sintered  body,  that 
is  the  retie  of  the  density  cf  the  poreue  material  to  the 


density  of  the  perticles  fcrning  itj  t  Is  time;  P  is  ths 
external  pressure}  ie  the  coefficient  cf  sheer  (lerinar) 
viscosity  of  the  ccr.pacted  rs^teriel. 

The  subscripts  ^  end  c  ccrres'-'cnd  tc  the  rate  cf 
ccnp^ction  durinfT  hct  rressinK  >’nd  during  conventional 
sintering. 

This  equation,  ignoring  the  first  tern  on  ihe  right, 
i.e.  t  n  i-he  esaurmtion  thet  ’■--s  used  in  r'ef  9  to 

■.,eternine  the  coefficient  of  viscosity  of  eiuminum  oxide 
at  sintering  ternpereturea.  Hovever,  as  v.-e  shall  show  later, 
this  determination  is  invalid  since  equeticn  (])  does  not 
give  satisfactory  agreerient  vdth  the  experimental  data 
T:-7efa  10,11), 

This  paper  presents  the  phencmenolcgical  viev/  of 
the  preoest  of  eempaetion  of  the  msterial  during  the 
sintering  of  pov'ders  hy  hct  pressing  in  light  cf  the 
mech'Tisri  of  the  viscous  flov/  of  crystalline  todies, 

A  T'CTCus  ’  cdy  during  the  sintering  in  the  solid  phase 
is  ^  mixture  of  practically  incompreesitle  solid  particles 
and  «‘>solutely  ccmpressible  voids  which  results  in  a  marked 
ccrrpressibility  (’"ef  12).  As  a  result  cf  the  chaotic  dis¬ 
tribution  of  the  solid  particles  and  the  pores  through  the 
volume  of  the  porous  tody,  the  latter  may  be  considered 
isotropic,  taking  into  account  the  degree  of  pcrcsity  by 
the  coefficient  f  v/hich  is  equal  tc  the  ratio  of  the  volume 
of  the  pores  V2  tc  the  total  volume  of  the  material 
V  •  Vi4-V2i  v/here  Vi  is  the  volume  actually  occupied  by 
the  solid  particles. 

The  overall  specific  volume  of  the  body  V  and  the 
vclume  cf  the  pores  V2  may  be  expressed  in  terms  of  the 
specific  volume  cf  the  solid  particles  Vn  forming  the  body 
sinees 


1  I'r  -V’j  I’l  ,  4 

... 

'.vhence 

it 

•9* 

!i 

(3> 

v" 


From  the  macroscopic  point  of  viev  the  process  of 
the  sintering  cf  powders  by  hot  pressing  may  be  described 
as  the  process  of  the  three-dimensicnal  visccus  flci;  cf 
pcrcus  body  under  the  action  cf  the  forces  cf  surface 
tension  'nd  the  applied  external  pressure.  Since  this 
process  is  accompanied  >*y  a  reduction  cf  the  voluae 


.J'.-r  oc'vvi'.t'Cv. 3.c’'i  I  xuic:--!.;,-  i-  j 

iuc’-d  '■■Vic  p  ;  .'-^t eT(=''l  'f  ■.•’i?!  ’'t'' icV6*'i*‘ »  T'';  i.:  fT'-ic'u"! 

t'c  i V-/  t?i^>  ’r-sT:  i-. t :  on  ;  c;  '■  •r'oi  ’tic.  rf 

porr'f’ ii;y  of  th-'  e-eccnd  '.'nf'fl  icit-rt  cl'  •'-iscc-slt-y  ^ 

Inti'  the  t'Ciuet  1  cr.  the  hydrodynamioe  of  vii’cc/.; 
Fly.ids  {Rfif  '351.  r>.:r-  ccefT'icien't#  aujjge^ted  in  T?«f  li. 

Is  ).yi"en  3)y  tbs  nrpr  f-  2oicn 

'•hi'-rfj  I's  the  first  coefficient  cf  ttiscoslty  cx  the  p;- err 
V i  &•  c  i'.  P  ■  ty  cf  t h  e  c  eojpn  ct  ed  nr?  t er  ie  1 . ' 

The  rc-lftticn  ’netvjeen  the  rate  of  comp-'- ct  ton  rn-i  the 
-AT.rlie':’.  forcoe  n-.-y  hg  found  by  eoufttiny  the,  of  the 

oattev;-!' '}  foi'oeH  to  the  rf  the  .internol  frietion  forces 

pp  ruf.seoted  by  Yp,  .1.  Pren.!'*!’  (Pef  Fi). 

fhg  v/ork  dene  hy  the  er:tsinip. 3  forces*  refei’red  to 
'tsrsii''  ifrdlu!!^e  on;’  '.iniT.  titne,  is  eeusi  tc  i^he  curt  of  td'.c  v;crK 

perfonned  by  eurfece  tension,  r?  tf-;  ly-here  3  is  the  tetuL 

surf  nee  of  the  rores)  ord.  hv  tV;s  e,riT''i.icd  r-ressure  C.,  (U:  . 

^  </  t 

The  frcK'!'  rerformed  hy  tfna  d1  soip;:  t.lve  forcefs  cf 
ivri'.  err!' 1  -.fri  otion!,  referred  tc  tinit  yclune  ?nd  unit  +.lrrie, 
■ary  i:e  sxr:..resaed  'ey  the  sou&re  of  the  diepixrative  function 
(Ref  i?-),  rf'.ich  for  the  case  of  Ifrrftt  TOlumetrle  difonoa- 
tiens  (hef  15)  tairivp  the  form 

vT 

••'  *  '»  y/f/ij  ' 

vdH'.rS'  fa  the  displ  nc  tire  function  pnd  V  is  the  inuton- 
tsreous  volume  of  the  body. 

deuatln.g  of  the  vfork  cf  the  external  and 
■  feroes  laac',  tc  the  ecuation  'v.- 


I  -V  d" 


in  cr  ier  to  raciuce  the  numi  er  of  vari^rxeein 


enuntfon  Xi’lll  expre«’s  the  surf-'ce  oreo  of 


tpjfr-r,  '.d  t’neir  vcluine.  '.'he  ourfsoe  f-rae  sg  of  a, 
for  tjtiwnple,  a  ppherieel-the 
ea  f <  1  lotf 


It  J.»5  clear  sr.  jrisZ-z^.ovs  relation  v'iti'.  r.  co* 

efficient  differing  from  6  vill  held  for  a  pere  of  any 
ehupe. 

'fVien  the  rate  of  centreotion  of  tha  surface  cf  the 
pore  my  be  expressed  Vy  the  eauaticn: 


a'f^ 

5r 
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3^5  at' 
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4.,, 


Conc'indring  that  the  total  surface  of  the  pere-M 
eoupl  to  the  euBi  cf  the  surface  areas  of  the  individual 
pores f  the  rate  of  centroction  cf  the  ictal  surface  of 
the  pores  of  the  sintered  body  my  be  •■Ttttsn  in  the  roriaj 


d.s'  ^  1  4 

Hi  -jt  “  ifT  -  Q7  * 

where  ia  the  total  rclurse  cf  the  pores  and  n  ia  the 
number  of  ceres  in  the  volume  V* 

Since  V2  1?  eoua.l  tc  the  linear  dimension  of  the 
pore  dg,  and  Ic  light  of  eova.tion  (S) 


rd 
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where  di  is  the  linear  dimension  of  the  partioleB» 


.1. 

.??  "ai"  ’  7’ '  *"  ' 


then 


Substituting  into  equation  (6)  the  value  of  frori 
expression  (4)  ?,nd  dS/dt  frcai  formula  (7)*  expressing 
the  total  volume  V  end  the  rolumo  cf  tbs  tor  as  Vjj  in  tornia 
of  the  Tcliriiie  Vj  from  forinulae  (3),  vc  vOhtain  the  deeired 
relation  fer  tdis  rate  of  ch'ngo  of  porosity  aa  a  function 
of  the  external  force  acting  on  s  perous  hodyt 
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I'or  the  case  of  the  sintering  cf  powders  ...  ...- 
pressing,  the  second  temr-  cn  the  right  in  oquo-tion 
iTi^y,"  'u-,  neglected  for  the  cehe  of  oimrlif  icat  Ion.  Tho^^basii 
■  or  this  is  that,  for  y  of  100  yg/cm*^  or  10°  dynes/om-’, 
di  of  10  micreng  end  the  maximum  possible  value  of  <>-  of 
2000  dimes/cm,  the  oue.’ht.ity 


«* _ 4,iiS'3ui<  « 

~~  “TT-riT*' 8*  — * 

««  Hr*  CjH*  iM* 


'  enneitutes  only  \of>  of  P,  V'iih  on  increa.se  in  the  extornel 
preseurt  the  esntritutien  of  thn  surface  tension  to  the 
rate  cf  coTanaetlon  will  decrease.  Therefore,  integrating 
eewation  («)  without  the  eecend  term  on  the  right  and 


detcr"iiriiM''  IVie  Gcnsonrit  cT  Int  egv- L  ic ■t'Ii  ttie  c;'ndi.tion 
f  ■  fc  for  t  -  0,  ve  cVt??.in; 

t 

/  -- -  Irt  (.H  -  /}  —  J  In  /o  +  In  (3  -  /a)  -  —  j  ^  (91 


1.  "a.'intion  vit>:  time  c.f  the  reil-’t 
der.'jity  cf  ''p.m'cjes  or  tungcte  ■.  carVide  under 
a  nressuro  of  lc5  kg/cm-'  for  temreratures  of; 

1  -  ?;100,  2  -  2200,  3  -  2300,  4  -  2400, 

6  -  2500^  (^relotire  density  r:in. 

Hudtiplying  both  sides  hy  -1  and  intrcdcoini'.:  the 
notation 

F  (/)  =.  ~  I  h.  (3  -  /)  -  4-  la  Ur  j  In  (3  -  /„)  4-  ^  >»  /«.  (tO) 


we  v-Tite  equation  (9)  in  the  ncre  compact  fcrmj 


0 


;.he  quantity  F(f )  is  the  maasura  of  the  inc..  >.ase  in 
density  of  no’-^ders  during  sintering  hy  hot  pressing. 
yoT  -  constant,  which  is  valid  for  ITe'.'tcnian  bodies, 
for  example  glas'  or  resin,  equation  (11)  takes  the  form 


F  (/)--=- 

'' '  'ir, 


In  order  to  compare  equation  (12;  vith  exceririentf-’l 
volnss,  ve  p.nalyred  the  dote  of  V/ililams  (''ef  lu)  olialned 
durinr  the  sintering  nf  gi^sg  r-c-wder  u.nder  pressures  of 
4C  ~k4  O'-  kg /on’-.  The  values  of  the  reduced  nf.e  in 
rirro-aty  p(f)  ca In- uloted  by  fcrnulr  (lo)  varied  lin  .arly 
v/ith  the  time  of  sintering  C^ig  1)»  which  conflixts  the 
CUP jitative  agreement  of  ecuetion  (12)  "ith  trta  experimental 
data. 


The  slops  of  the  lines  we.s  used  tc  calculate  ttie 
value  of  the  viscosity  of  the  glass  (the  glass  scinpcsition 
was  not  indicated  in  Ref  16)  at  a  temperature  of  600®. 

Tn.e  vslue  ‘vraa  found  to  he  7.86xlu*^%  which  is  of  the  order 
of  magnitude  of  th«  handbook  values.  Eovoverj  with  the 
assumption  that  ^  is  constant,  eouation  (12)  is  not  ap¬ 
plicable  to  the  described  process  of  the  sintering  cf 
powders  of  orj'stalline  umterials  since  in  this  case  there 
is  considerable  deviation  of  the  experimental  \'alues  cf 
F(f)  from  the  linear  relation  given  by  equation  {12), 

J*or  this  reason  ve  rnust  presume  that  the  sintering  of 
orystf  nine  powders  takes  place  in  conditions  of  unste^.fly 
flow  wherein  the  coefficient  of  shearing  viscosity  of  the 
crystalline  bodies  depends  on  the  duration  of  sintering. 

As  shown  in  Refs  4,  17,  18,  the  magnitude  of  fci' 
viscous  flow  cf  cryetalline  bodies  of  constant  chemical 
compost ion  is  given  byj 


1  1  DO 


(iS) 


wher«  B  is  the  self-diffusion  coefficient,  J7  is  t'ae  volume 
per  atom,  k  is  the  Bcltzme.n  constant,  T  is  the  absolute 
temperature,  and  L  some  characteristic  dimension,  for 
example  the  mean  diametaa*  cf  the  aubgrains  (mosaio  blocks) 
free  of  dislocations  (Ref  17),  or  the  mean  dimension  of 
the  grains  (Ref  18), 

Assuming  that  for  the  case  of  aufficiently  pioall 
grains  (to  about  1C  mlcronc)  L  is  detorminad  by  the 
dimension  cf  the  grains,  then  a  change  in  viscosity  my 
be  noted  sa  the  mean  dimeueion  cf  the  grains  (particles) 
changes  v/ith  their  grov/th.  Since  the  growth  of  the  grains 
during  secondary  recrystallixstion  takes  place  In  accord¬ 
ance  with  the  parabolic  Isw  (Ref  19 )» 


(14) 


where  /  is  the  mean  dimension  of  the  grains  at  time  t,  (g, 
is  the  initial  dimension  of  the  grains,  K  is  the  reaction 
constant,  is  the  surface  tension  at  the  grain  boundary, 
and  V  Is  the  volume  of  .  a  gram.*moleoule.  Then,  sub- 
situting  expression  (14)  in  place  of  L*  in  equation  (13), 
the  change  of  viscosity  with  tine  may  be  given  in  the  form 
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renotin,*?:  J»s  ^C^r.nd  notirig  t’o'-  t 

7? 


v.t-  ere 


is  ffte  viscositj!'  ci  t  *  G»  cerraspen"  r  ng  to  tlie  dimension 
cr  the  grains  K  t  ’-'-'e  arrive  t>t  the  follov/ing  variftion  of 
visoo®'''  t': 


the  gheerlng 


:c?ity  of  the  eorspocted  msterial  v/ith  tlrsej 


n(0  -  %(l  +  bi). 


(t6) 


Substituting  t'ris  relr^tion  in  the  right  prrt  of 
e(;iu''tior  (11)  ve  cbtair.  the  vei'ieticn  of  uhe  ch'^nge  in 
porositv  v/ith  rr'='ssure  and  ruiraticn  of  sintering j 


(17) 


-•.'V.ich  is  epplicpble  for  the  described  rrcceas  cf  tivo  cor.- 
Tfctieji  of  oc'.'ds:  s  r.r  ci-y'3tr-!! "!  ine  tDote-rirls  by  V’ot  pres'j.ng, 
'"ho  vrjtve  o"  tV:e  coefficient  b  ''’-lich  •■v.  inrrcc.uoed 
’T-ey  >6  rather  easily  deter,  ined  fretr  the  dat'i  of  the  Tcotrl- 
Ipgrcnhlo  determination  of  the  riser,  dtirsnsicn  of  the  grains 
PS  p  ■^‘uncxien  of  .ibe  duration  cf  sintering  fr..-  the  formula 


(181 


In  tho  cesa  v'h*Te  the  chHrsct'srict  io  dimeueicn  li  is 
deter" ined  frotr:  the  dimension  cf  the  subgrains,  v.he  vo. lue 
ef  b  vlll  difier  verj’’  little  from  thEi,t  found  by  foruila 
(18),  since  the  grovrth  of  the  grains  takes  place  by  the 
same  diffusion  mechenisra  .and,  in  addition,  b  represents 
the  r  file  five  squared  rate  of  grov/th  of  the  grains  '.‘io’n. 
should  not  chonge  for  prcpcrticnr- 1  reducticn  cf  "rhe  ius 
of  I  entei'ing  In  it.  'I’he  existence  cf  porosity  o, in- 
cemn]  .'te  co.-r' act  ''•etv/een  p.^'rtlcle3  r/y  Influence  the  cg- 
nitude  cf  b. 


.':'o'./erer,  f  cr  sintering  to'vper"  t  ores  -ir.'c  unting  to 
."/4  or  'Tcre  cf  the  msltiny  tenpnr'"tu;re,  I  rue  '  stn-riiny:  in- 
fh’cnce  of  ncrcsit;/,  .03  sho’Ti  in  experiments  (;:ef  i?,'  i? 


Kt  noted. 

It  S'  rul d  noted  that 
r-ruation  (I6)  h^n  Ve-tin  d  •'ri  ne.i 
oh- n-'e  in  ■'he  r^te  c''  the  nen- 
or  or-'- 11)  ter  si  on  i.n  Tsf  20, 


st5-'d:'f  creep  fc"  -vy  llrrg 


f 


<'  r 


0  i"!  6 


'./e  used  eciuption  17  for  lyzinf  exc'';' 
irrt  nr :ln~  by  i.ot  nz'cssir-'  cf  '/O  pev/der. 


'  w  ci 

;:ter- 


iny  cf  tu.np'ten  carbide,  cf  c--.t,’C3iticn  clone  tc  C'/ciol-ji- 
cmetric  and  hrviny  r.$r-.n  gr^in  diiv.ensicns  5 6tev'-"ined 
''y  wicrosccpic  invent ir^ticn  cf  ••he  pev/der  of  •'bcut  11 
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■acTor.i 


o  , 


'■  r;t.3rva  i? 


conai.” iroivl  in  ..iZo  ■a':,  nrr^y^^:  iure 

from  2100  to  Z  ':o-‘  unaor  ;ci;-vr of 
■/'.)*.  1.62  ieg/crc"''.  'i>'e  slisrgt  in  vnrc-'-ior  .? ''i  dyn.-ily  cf  th© 
03''r;r' c-  detorniri^d  "by  tl:e  r  i  ;•  !i':t'  .od  ’■-■itri 

oontiniioas  c1:o<- wv^ticn  of  ihn  prcc<?KO.  fron  rl<% 

rtsu'lto  c;‘‘  *  n?  ’sVriTl'Pg©  mer*.s''.irc!n-n'ics  r.Y’.  yn  *. ’:u<ie  i.f  ‘.■•in 

preo  ic^x 3  ly  dntnrrrsirod  defer ion  t-f  i:Le  lo^i^ded 
ccmycnonts  cf  the  vsouM  were  sf!  tract .-‘d.  /.ft-'r-x*  ■'I  n*  ior 

■xiMd  C''V'ef‘’.l  f‘!er.ririy  of  tVi^-  adVi-Y:  c5  -’to 


':’GTS  T'XS‘..?'Jl'.'.3d  C-Tld  V'siglied  . 


.*•*■»  ■a  '.•>►,  C‘ 


deterriinf-'d  t-y  the  ae.c-hod  of  hydro-* t^xt .lo  ee;,ghi5;,g, 

215100  the  lav  of  -ocKiitant  1*5  vnj.:l.d  in  r-’ .h/i.’', "ixif;, 

V'v  hot  pveo'^invc  evv.}  C'OnotoJvt  cro:«s  oeeticn  nf  ■':  oa 

in  i  vjra ine‘.,i  i  th  ■  in'?  tar  tsneouc!  i entity  of  thy  er;'. 

/>'  ia  f-ou}'!c',  fron!  th?  Ksosured  ve/iuos  c.i  '..ho  f i!i.- 1  cierolty 

■"  ,  the  finfil  height  h'*  --.inv  the  Instant^neoua  nief-suret! 
eight  h'  of  the  aenple  frosn  the  relsticn 

ayo 


v.'he*f'<s  b '  ■differs  j'rcti  >/'  "oy  the  •■•  gnitirie  of  ■,  ha  ;'e3c.rjt;? 
ahrinhage  A  A  . 

Trcffi  the  ceicuioted  yr'ues'  of  the  dens  its',  the 
porosity  cf  tVie  oeyiples  w.*" ;  lound 


/  - 1  • 


Ct 

T^~ 


•fn 


vhe;("a,f«'  io  the  derscir.'/  of  tVie  :uvu'T.l.e^  .1^-  thi-  dsr,'..r::  i -• 
the  ••ir:ri'ip.-,''ct .?d  rno.tarial.,  ?:.nd  /•?  .to  the  relot ioe  deuRlty* 
Pig  f;  BliOVK  the  vr.iri'.t  lor  cf  the  rel-o-tlre  done  it/ 
of  ths  ‘■i'>mp3es  as-  -x  fx.mct.icr  of  the  duration  of  1. Vie  .;L;"i 
ir4C  ■and  Tig  -d  the  yiirilnt.ion  of  F(f)  vrith  ln(.l+‘h't)  3.,*  dS' 
■oerwiru’d  frcin  f>or"'ala  (10).  The  Tn'li„ie  rf  t  n  s  cooff  .5  cl  on' 
b  di^t oi'tiiri.od  f'oer.  the  cf  the  iret  ?, llogr.'* 'cbio  in-' 

ycEit  igoti.cn  cf  the  hot.  prossod  sa.rg  les  L.?  ehovni  in  il?hie 


hi 


re.ir.  f.rrn  theiie  d-to.*  r(:.'h  ■."aj-ies 


/1th  In(lt'bt)  vbich  indloatee  tlic?  egreoi'ient  cf  ec-ietio; 

The  yal’jti"  cf  tbi,;  oo- 
c  f  t  ‘e  f :  c  c  ib'o c  c  e  rs  o.  t .  i 


'' !■?  i  v.'-j.  t‘-.  the  exr.erimente  1  dat-a  » 
off  i"  ie.nt  o.:'  ohe-sr.iog  •.’■iRcoo.'it'” 


0  r 

ter- 

t 

•% 

« 

r.ly 
'  ’..'...I 


rsf  y 

’  ii  7 


'■ ,  ft 

iiy 


ft.^oi.hv  fcuncl  grap’nioally  .rrr;-?  tow  glors  of  itc 
3.  '■,.'(!  obtain  mere  tir  eej  so  yalaeo  ve  ce oalc  ted 


v?ives  of  ti'  ths  forrulp.  rec.u.' v-ing  froa  oouetion 


( '■ 


^c' 


V’  Jb(J  -i-  it) 

i'd'.imv?  (/)  ’ 


-  5C  - 


where  the  coef ficieiit  6  rather  than  4  appears  in  the  de- 
notninstor  to  account  for  the  non-anifcm  ccrrpraeeion  v’here 
r^mean)*  J'j  (Pif  Pg  f  P3)  (Pl^  Pa.  P3  are*  the  ncroial 

applied  straanae  and  P  is  the  r^roasing  pressure), 

Tahle  1 


Values  of  coefficient  o*  vi-sccsity 
and  ener^  of  "looaenlng'' 


' 

T«^!dn«ha. 

j 

J 

liv  \ 

i» 

m 

ni-«- 

\ 

1 

fjP 

!  Uf'* 

h,  1  XjH 

-  4SS. 

•{tMCeic 

_ vacv. _ 

1  ,  .f’ 

_ ZCJ  ,  1  _ 

j  ^ 

■ 

2S(X' 

0,015 

i  2.1X1. 40“ 

0,025 

2,94. 10“ 

0.035 

!  2,96  tC“ 

221X1 

0,022 

1  2,1210“ 

O.OiO 

1,72  10“ 

0,04.5 

1  l.Si.iO** 

2300 

o,o;io 

i  t.lO-lO'" 

0,055 

S.DiViO*' 

0,070 

1  M.  20.1(1“ 

2400 

0.045 

i  6, 12- 10'* 

0,0:5 

,5,70.10“ 

O.OXO 

j  S.M-KVo 

2SOO 

0,055 

1  .5, 18.10“ 

I 

0,0«5 

S.7U.iO»* 

0,110 

!  ’,02-10“ 

If 

0'^  tik  .Wl 

•>7 

7e0Q0 

*  4t«45- 

Temperature* 
rressurs,  k^oo^ 
h,  1/niin 
p/ctn«sec 
cal/inol 


..  ra^>a’^  y-luee  of  for  timg.-tsn  co^rhide 

t  tunci  ion  of  ti^mperoturs  ^nd  pressure  are  ffiyec  iri 
laoto  j,  vdiilft  vhe  variation  of  uhe  yiscoaity  of  the  coy,- 
P'i'-'-eu  r.unggten  carhide  wi.th  duration  of  ainterlnr  at 

p** 3.5c  Itg/cir^-'  a?  caUnil'^.ted  from  ef  uaticr; 
iG  givsn  in  Pig  4, 


.iho  data  of  Tahle  1  shcv  thai  the  viaecsl 
^  ®  decreased  with  temperr-ture.  T 

\-'itr  tenrerature*  according  to 
\lo)t  may  he  prssentcd  in  the  form 


ty  ^/e,  de¬ 
ll  Q  Taristion 
feCuat ion 


tm 
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where  U  is’  t-he  enersnr  cf  ''loo0".!ning'*  of  th?  of 

the  c'-r'wpo.cted  materi'iif  '’.nd  R  is  the  gea  ccnsts'int. 

Thun,  hy  means  of  nims le 
transfer mat  ions  we  may  obtain 
the  theoretical  formula  for 


firid^iig  the  energy  of  ectlYa- 
tion  of  "loceenlng"  of  the 
let  I ico: 


flu 

M  -r,  \  Ji  no,' 


(20) 


Vci  "sto  thr;  vis- 

ctftitl'.'e  cor5'eaporidni;3  to  the 
te';iixier'’'tu?'t;;^  (on  ti.e  j’liooluta 
er.-'ie)  T-i  arid  T;r.  The  mean 
vs'lueH  of  thr*  er,Hr«;y  cf 
”  Jcoeojiini?"  for  the  v/C  lottioe 
calou'h’ted  in  acco-rdance  with 
thin  fcrmula  arc  shcam  in 
Table  1.. 

Thf^  enersy  of  ’* lcc"-:>'?t)ing'' 
for  praoticai  purnofeas  does  net 
v'it’n  the  rapplied  preenure* 

T'Vi'1.3  indic'ites  tt-nt  the  prccees 
of  'ieformet ion  of  the  ■vC  partio'ea 
taboo  I’lnce  by  a  dif'-uslon 
machp-riain  in  accords:>nce  r;.lih 
the  ri ewrolnt  presented  in  this  paper 
is  in  agreement  with  the  stetemerit  in 
of  S-dimfjns^ioniil  oomproaotor:  the  increc.ee  in  rireftouro  './ill 


of  s 
PA-QO, 
-  ?/‘00, 


tempera  lures 
1  -  flOC.  <1 
3  -  23h0.  sj 
D  -  2fjOO'-‘ 

(D  ylscoo.Tuy 
sac 

3 Int  er  j  ng  t ime 


10“  ^  '*)  f:/cm- 


,  In  add  It  iovif 
Ref  4  that  in  the  case 


:ead  to  tliO  incr r.-ne  in  the  rate  of  d iff u a  ton  ereop 


ou 


1+ 


th  e 


occurrence  of  pl'-'otic:  def o-rmot ion. 


in  -a  similar  faeViion  ve  m«de  ?  quant .itetive  onalysio 
of  ’•he  exps?rimftntal  date  of  T'amJ  if>r.  and  Lldm.f-i.r  (r-ufj  r.:l,R2) 
on  v,hc  ■'■'ct-preas  sintering  of  cbT’cmium  ca,rhld»,  Cr.-’C^;,  rrr 
terp'? t Lire g  of  1370  -  urhicr  a  press'ure  of  240. <'> 

kg/cin  ',  rig  5  shows  the  T.arl-.tion  of  i’  (f)  with  lg(l-bVti 
fer  CroOp  and  Tah'e  2  lietc  the  values  of  the  cocf-ftcient  b 
and  the  viscosity  ft,  of  chromium  carbide.  The  change  in 
visnesity  during  sinterli^  determined  from  formula  (16) 
is  flhcvm  on  Fig  6, 


Pig  2.  Reduced  variation 
cf  rcrcalty  ?(f)  va  time 
cl'  sintering  for  gir.ss  at 
rres'-ures  oi's 

1-40  kg/oci^l  2-56  kg,/ct!J^ 
0t,  min 


Fig  3.  Reduced  ir*?- irt  icu  r.f 
porosity  VB  time  of  sintering 
of  tvmgsten  c^^rbide  at  2i,00° 
and  preasurws  cf : 

3  -  70,  2  -  130,  3  -  105  ::g,^cn 


Table  2 


■^.'’aluea  of  tbo  coefficient  1-»,  the  viscosity 
rnd  the  energy  of  ‘'Icoseninfr'”  cf  the  Orjcs  jr.ttice 


Te^n«;»Tfpi, 

•c 


ff,  1  i«1(H 


t:,70 

UHO 


0.015 

n.oi8 


r/cM-m 

- 

7.32-10*® 


j}T«5i  'rpiTTP*. 

- 


6. 


7,  j  .Ho* 


1540 

1590 


0,020 


5.0C  10*' 
1.46  •r.i’ 


Ternr  crature, 
h,  i'min 
}2o  ,»’:/cm-sec 


l^cte:  U  »  <01,800  cc.'/inol 


« 1- 


r. 


•eCi'nen'’' 


The  t'lecry  presented  he:*e  is 
■  un  r  tivc  i'Vc3rvr.t, j ens  rf  Harr^i*  .  •'■r-.'l  Lidri>^>n  ^T-ef  21; 
v.'hich  shc'jed  tY;rt  the  sintering  proces-  using  hi.t  pres- iny 
ucu]cl  he  sep-iated  into  three  -.tares: 

1)  the  fornrtJcn  of  l-cndc  ■’et-'^een  porticloi.; 

;?^  increase  ir  density  vi-th  ciTr.uhtanecus  incror  te  in 
P'-rticle  dimens  lens 

Z)  grr‘*t.h  c"^  thi  grains  vithci-.t  noticec'-ie  incresoe  in 
?.  a  rtp  i  e  d  er  r.  it  y . 

The  derived  ecn-;ticn  (17)  may  're  used  so  o  tesis 
for  a.  rptfcnn.l  oeleotion  cf  the  sinter'.i.g  emd: tienr.  ir. 
the  hot  rrrss5iir;  cf  ^cv;dere* 
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Fi.ff  5.  Reduced  chance  in  yig  6,  Shearing  viscosity 

porosity  P{f)  vs  time  of  of  ccmpactcd  chromitir.  carbide 

wintering  for  chromium  car-  vs  time  cf  sintering  st 

Vida  under  e.  pressure  cf  temperatures  eft 

T<g/em*'  at  temperstureg  2.  -  2370 »  2  -  l-ltJO, 
cf :  3  -  1540,  4  -  15Q0V 

.*1  -  3.37C,  2  -  1460,  (^  visacsity  ,  g/cm-sec 

3  -  1540,  4  -  1590^  ® sintering  time,  min 

A  simple  calculation  using  equation  (17)  shove  th>»t 
ter  s  10^®  g/cta-sec  and  h  »  0.03  min” ^  the  compaction 
(ainterlng)  time  from  an  initial  porosity  of  45;:'  to  a 
Ticroeity  of  1$  under  a  pressure  cf  150  kg/emt  is  about 
7  uiinutca,  For  «  19-*-l  g/cn-sec  nnd  b  »  0.01  min“-  the 

time  is  1100  hours. 

Thus,  the  process  of.sintering  takes  place  relatively 
quickly  ^^)hen  is  about  10^®  g/cia-sec.  The  refractory 
atropounda  under  optimum  conditions  of  sintering  by  hot  pr^-ae- 
ing  (Table  3)  as  established  by  experiment  poeaess  this 
order  of  coefficient  of  shsaring  viscosity. 

In  this  v;crk  ve  have  not  considered  the  slipysge 
olonr  the  boundaries  of  uhe  grains  vrhieV  would  be  significant 
at  the  large  veluoa  of  the  porosity  vfV,  ich  occur  when  in- 
ocnplets  packing  of  the  particles  is  present.  With  incre*ase 
in  coirpsction  this  effect  will  diminish  shcrpljr. 

As  we  have  indicated  earlier  (P.efs  C,  11)  equation 
n)  can  also  satisfactorily  describe  the  process  cf  cem- 
Ovacticn  cf  povjders  by  hot  pressing  if  concid oration  Is 
teben  of  the  variation  of v'lth  time.  Fovever  th.o  vr.lues 
calculated  vr.ing  this  formula  from  exr'erimsr.t;?.!  date 
aro  approximately  hoif  of  the  correct  values. 

ihcBe  concideretiens  relate  to  the  irr-av:>rnible 
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IMe  3 


GnnditicH«<  fcr  aiv.teving  by  hot  preB'?ing 
of  vcwd?i  >  frf  the  refractory  ccajpounds 


Cociui^A-  i 

«»» 

.1 

T*i*.'>»ra'  1 
rfp»  ; 

MiatK.  ''C 

/n _ 

■<* 

lueHU*  n-i.-o 

— — 

Tu: 

^  1 

27C<;  1 

ISl! 

Zrf. 

27v/i 

12-.3 

NhC 

IW 

Ts': 

20;ti 

j  12=3 

Ct,r. 

!  i:y.!  ' 

;  !?•» 

MV- 

i  24!)0 

1  12> 

W(: 

[  2tH1«? 

•  11-0 

Ti>. 

1 

\  12-) 

•/fN  i 

24-00 

!  120 

TuN 

2330 

1  m 

TIP., 

i&y> 

j  12-;' 

?.rl‘, 

23&* 

!  ii<3 

rjfB, 

210'J 

1  120 

NbH., 

1  258-'- 

1  120 

r*n, 

i  25!' 1 

;  120 

MoU!, 

j  2ft 

:  120 

'.v,n, 

i  2200 

120 

CtR. 

;  2?.00 

'  220 

I.t’i*. 

2.£:.-< 

j  120 

Cen, 

1  23  £-0 

I  *2C 

YR* 

j  2?  60 

:  ii<* 

Tint, 

!  1400 

1  2V» 

ZrPi, 

!  l<'(s.5 

i 

Nb:s, 

!  iw 

i  22<* 

Tai?;, 

2?ft- 

;  ?K- 

Mess, 

1'.;*;- 

J  A 

«  s^r. 

W.*?!, 

!  ISif'i 

; 

Fc-i-i, 

i  ir.i; 

1  2^C 

t.) 


fOCTAfOS^AA  nApHC* 
i‘r«ev&  «uii£%ei3i>rf> 
tfsaKrMiff.  % 


Hill.  : 

#4-t^ 


5 

5 

II- 

IT 

5 

r. 

:o 

!(■ 

♦; 

r. 

V 

iO 

J 


K> 

if> 

Ifi 

10 

s 

10 


0.5-3 

2—3 

€~7 

5-^ 

(»,r~l 

9—10 

1-2 

1- -3 

0 

0 

C^C-i 

0 

0 

0 

M-a 

0,5—1 

0.6-1 

2- 3 

1 

2 

0,8—1 

0.2-2 

5-6 

0 

0 

0 

0 

7-9 


^  ccrnpcund 

©  al’ilerinf;  tempor-iturc, 

©  eirttering  pressure,  kg’/cai'^ 

®  0  Inter  in/5  time,  rain 

^residual  ptroslty  of  the  elntered  product, 


change  in  density  of  sintnred  'brdiee.  At  the  s.’ujse  tisno, 
during  hot  press ing  j-evero ihlc  changes  of  the  density 
after  roaioral  cf  the  ejcterual  pressure  are  noted  vhieh  are 
related  with  the  relajcation  of  the  volume.  This  effect 
nay  he  slgnif leant  fer  porous  semi- crystalline  oodiey.  The 
reversible  change  ia  dens.ity  wnich  we  invent igated  in  the 
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sln-?:<*rlng  of  rc'<'d=^r  Vy  hc;t  it«  sol 'tnrl  1?.' 

•Jeo.cri'bed  'ey  th&  exr»oi‘.enti>?.l  eduction: 


conj-t.it  *■ 

i/n'j.re  ic  the  r?  lotivB  YerrraiT'.I-::  c'-'nnjC"  In  ■•>n: 

/3  Js  ttiP  ocui'tihriim  oennity  o'ltf’bS  f ‘'-’ned  i-.;:  iM'fl. '  i- 

'  C*  »  ' 

y>V 

?iid  ?  ‘r^  i  o  r.Tie  relsLxaticr  l 

It  vm-;?  feuMd  tr.K.i'  for  KceC  ore;  th^  ten;nC‘.v  tu- ■/ 
rot;.-/?  r.f  2C0O-.^30C‘^  sec  U  •  7!3,00^.  . 

OCirCLr;" 

'• »  An  Hmilysii*  the  of  ihc  :vn  v 

s;  inter in/y  cl  r crons  povrer:}*.;  .*?  3  .•i-rried  ct^t  .•-r>  ';  'i-' 

roriction  c“  vhe  rot  s  of  c''irpoet, icr>,  vher.  si/’torlo/  ; s./. Si : •* 0, 
hy  Vict  v^se'-ifK  di<  r  functlo'*  of  .os  P.pt  Jieo  ;:?'(■  e'-.o;'  ;  •  « 
ohtcrinofi* 

■' .  V"*'e.T:  sAnterixo  the  pc«A'.srs  ••••f  crvnti ’!  i  i:.': 

j.w  1 1.  tf»  fou?!')  t.'u*;v  ti'iove  i3  •*:  ;  loer-r  '  .'-.r '  •* I  •  s  v  :■» 
the  visf nr  s i ty  cf  the  oce!j'i;ct c*-.  ’r.c t e.r i;., y  ■'■•.tVi  :  n't • -• 
tirto, 

3.  Ar.  exper iiron'.e'.'  vorificiit  5on  cf'  r]'’.- 
rols'ticofjhipjj  for  the  sint (n'in/r  of  tun;rHtcr-  .v'ui.n> 
pcivtlor  '*y  hot  prersoiv-fj  o'- nductod  «nc  thi-  tr  tnen  c;‘ 

the  rieorvlc*'  at  Gi./tcrinis  te’-iyerneii-es.  -.nd  '-he  joerviy 
cf  looser-lnfr  of  the  rf  tungsten  ccirti-c  ->'  C; 

detern  inod . 

•t.  A  rnanclt.=>M’fO  5n.-«.^ys5s  rf  tee  a.irai n.io  '  - 

crrlure*  datr-t  on  t:,c  sintering  Vy  hot  pr'-osin.*  ct  •,•):•  r 0 'ii  cr 
carbide  was  made  and  fhe  valuoa.  cf  f  ho  viscosity  c  f  Cr.y  'j 
at  sintering  teriperatu:  ea  and  the  ciagniiucls  of  the  er.‘.rr.;y 
of  loosening  cf  the  lattice  of  frsCg  were  ist  ri'ined, 

5,  f'ne  r‘.t!.at  ions'ilpc  derived  y  be  uS'M  ior  tiv.f 
sintering  cT  powders  by  hot  pc^t-os* nr<* 
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